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DEVELOPMENT OF PROTECTIVE COATINGS
FOR CHROMIUM-BASE ALLOYS

by

D. N. wWilliams, R. H. Ernst, C. A. MacMillan,
J. J. English, and E. S. Bartlett

ABSTRACT

Metallic cladding systems were applied to a chromium 5 weight percent
tungsten alloy by gas-pressure bonding. Resistance to oxidation and nitrogen
absorption during cyclic oxidation for up to 600 hours at 2100 and 2300 F were
measured. Bend properties after oxidation exposures were determined. Multi-
component cladding systems were examined. The outer oxidation resistant lyer
consisted of 5 to 10 mils of Ni-30 weight percent Cr or of 5 mils of aluminized
(5 weight percent) Ni-30 weight percent Cr or Ni-20 weight percent Cr-20 weight
percent W. Barrier layers of W, W-25 weight percent Re, W-1 weight percent ThO,,
and Mo, 0.5 to 2.0 mils thick, were placed between the nickel alloy and the chro-
mium alloy to retard interdiffusion. Compatibility layers of platinum or vanadium
foil between the nickel-base alloy and the barrier layer were used in some systems.
None of the systems provided adequate protection. Embrittlement of the chromium
alloy occurred during cyclic oxidation. Embrittlement was apparently due to metal-
lic contamination at 2100 F and to both metallic and nitrogen contamination at
2300 ¥, it being noted that at 2300 F edge cracking of the clad specimens occurred.
Contamination apparently occurred by diffusion of metallic elements through the
barrier or cracks in the barrier layer during cyclic oxidation exposure. Diffusion
of nickel into the chromium is suspected. Diffusion of chromium into the cladding
material, thereby increasing the tungsten content of the chromium alloy, may also
have been a factor. Thermal instability, tentatively attributed to chromium loss
and surface enrichment in tungsten,was observed in the chromium alloy heated to
2100 or 2300 F in argon and may also have contributed to poor bend ductility.
Studies designed to improve the effectiveness of the barrier layer are recommended.
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DEVELOPMENT OF PROTECTIVE COATINGS
FOR CHROMIUM~BASE ALLOYS

by

D. N. Williams, R. H. Ernst, C. A. MacMillan,
J. J. English, and E. S. Bartlett

Battelle Memorial Institute
Columbus Laboratories

SUMMARY

A study of metal cladding as a means of protecting a chromium-5 tungsten¥
alloy from oxidatinn and contamination during cyclic exposure at 2100 and 2300 F
was performed. A number of cladding systems were examined, all of which were applied
by gas-pressure bonding of the desired metal foils to the chromium alloy.

Three outer cladding layers were examined, aluminigzed Ni-30Cr, aluminized
Ni-20Cr-20W, and Ni-30Cr. Aluminum was added after gas-pressure bonding by a pack
cementation process followed by a homogenization heat treatment, Approximately 5
percent aluminum was added to the nickel-base alloys, All three outer cladding
layers were adequately oxidation resistant at 2100 F. TFor oxidation at 2300 F,
aluminizing permitted a 5-mil cladding layer to be used, while a 10-mil layer-of
nonaluminized Ni-30Cr was needed.

To prevent rapid interdiffussion of nickel and chromium, a barrier layer
was placed between the chromium alloy and the outer cladding layer. Barrier layers
examined included tungsten, tungsten-25 rhenium, tungsten-l thoria, and molybdenum.
The barrier layer thickness ranged from 0.5 to 2.0 mils. Molybdenum and tungsten-
25 rhenium were not useful, the former due to compound formation and fragmentation
during cycling and the latter due to rapid solution in the cladding alloy. Some
solution of unalloyed tungsten was also observed. Both the tungsten and tungsten-
1 thoria developed cracks during the cyclic oxidation, apparently as a result of
thermal fatigue. Contamination of the base metal appears to occur predominantly
at such cracks.

Several of the systems included compatibility layers between the nickel-
base alloy and the barrier layer, 7Platinum was used most frequently, although
vanadium was also included in one system. Platinum had no beneficial effect.
Moreover, it appeared to increase the solution rate of tungsten barriers. Vana-
dium was extremely detrimental in that its presence resulted in the formation of a
liquid oxide at 2300 F and rapid cladding failure.

None of the systems allowed full retention of bend ductility after expo-
sure at either 2100 or 2300 F. After 100 hours cyclic oxidation at 2300 F, nitrides
were present throughout the chromium-5 tungsten sample thickness (~60 mils) and

*Alloy compositions are reported in weight percent throughout this report. For
example, Cr-5W indicates a chromium-base alloy containing 5 weight percent tungsten.
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metallic contamination was evident to a depth of about 7 mils below the cladding

layer., Nitrification of the substrate after 2300 F exposure may be due, in whole

or in part, to mechanical failure of the cladding at the edges of the test speci-
mens, After 100 hours at 2100 F, no nitrides were present, but metallic contam-

ination extended to a depth of 2 mils. Samples exposed at 2300 F were brittle in
bend tests at 1600 F, and none of the samples exposed at 2100 F showed ductility

below 1000 F. The chromium alloy was found to lose ductility during cyclic expo-
sure in argon and this factor may also have contributed to the loss in bend pro-

perties during cyclic oxidation.

The failure of the cladding systems to result in retention of substrate
ductility was most probably due to diffusion of contaminating material through the
barrier layer. Both diffusion of nickel into the chromium alloy from the cladding
and chromium into the cladding from the alloy are indicated by the experimental
measurements and appear to be contributing to poor bend ductility. If so, it may
be possible to design improved systems resistant to this failure mechanism. The
barrier layer appears to be the critical component in a successful system. Addi-
tional studies to improve the effectiveness of the barrier layer are recommended..

The most promising of the systems examined contained an aluminized (5
percent) Ni-20Cr-20W cladding layer 5 mils thick and a 1.5-mil-thick unalloyed
tungsten barrier layer, This cladding system was applied to chromium-5 tungsten
erosion bars for testing by NASA-Lewis Research Center.

INTRODUCTION

Chromium-base alloys are considered promising for use as vane and blade
materials in advanced air-breathing, gas~turbine engines. The strength of chro-
mium-base alloys is adequate for application at temperatures as high as 2400 F,
considerably above the upper service temperature limit of superalloys. Although
the strength of chromium-base alloys is not maintained to as high a temperature as
the strength of tungsten, molybdenum, tantalum, and columbium alloys, chromium
alloys are not subject to catastrophic oxidation or rapid embrittlement by oxygen
contamination which plague those refractory metals,

While the chromium~base alloys show resistance to catastrophic oxida~
tion, their oxidation resistance is not sufficient to permit their use at tem~
peratures as high as 2400 F, unprotected. Also, absorption of nitrogen occurs
quite rapidly at elevated temperatures, and nitrogen contamination can lead to
embrittlement., Although it is concluded that a protective coating will be
required for chromium-base alloys exposed to temperatures approaching 2400 F,
defects in the coating are not expected to result in catastrophic oxidation.
Therefore, the development of a useful coating system for chromium-base alloys
should be less difficult than for other refractory metal alloys.

Vanes and blades operating in gas-turbine engines are subject to severe
thermal shock, impact and erosian by high-velocity particles, and to complex
stresses, A ductile coating is expected to best withstand these service condi-~
tions, Ductility at room temperature would also facilitate assembly during manu-
facture, The desirability of maintaining good ductility in an oxidation resis-~
tant coating suggests that metallic cladding is the most promising method for



protecting chromium~base alloys in the gas-turbine environment. A bonded over-
layer of a protective cladding may also allow rough handling of what may be other~
wise a notch-sensitive substrate material,

The objective of the present program was to develop a metallic cladding
system which would protect chromium-base alloys from oxidation and contamination
at elevated temperatures, Protection for up to 600 hours at temperatures to 2400 F
under cyclic temperature conditions is desired.

The bulk of the studies described in this report were conducted during
the period from June 22, 1965, through April 21, 1967, The program was extended
through December 31, 1967, to permit further definition of cladding problems dis-
covered in the primary investigation. The results of this additional work are

appended to the present report as a section entitled Specialized Studies which
begins on page 91 .

SELECTION OF CLADDING SYSTEMS

A cladding system capable of protecting chromium from both oxidation and
nitrogen absorption during service at temperatures up to 2400 F was sought. It
was desired that the cladding system also be ductile over the temperature range
from 75 to 2400 F, These requirements limited the useful cladding alloys to cer-
tain oxidation~resistant platinum~group metals, iron-chromium~aluminum alloys, and
nickel-chromium alloys,

The usefulness of platinum-group metals as cladding materials for refrac-
tory metals was under investigation elsewhere(1s253)and was, therefore, not exam-
ined in the present program. It was considered that if the results of the cited
studies proved sufficiently attractive the information could be readily adapted to
the development of cladding systems for chromium. The irpn-chromium~aluminum
alloys possess excellent oxidation resistance at 2400 F , but they are susceptible
to embrittlement during oxidation at high temperatures. This tendency toward embrit-
tlement suggested that these alloys were of questionable use when ductility after
oxidation exposure was required, Nickel~-chromium alloys have excellent oxidation
resistance up to 2300 F and are not susceptible to embrittlement during oxidation
They show greatly reduced oxidation resistance between 2300 and 2400 F, however 55.
Despite their poor oxidation resistance at 2400 F, it was concluded that oxidation
resistance could be improved by minor alloy modification and that the nickel-
chromium alloys showed the most promise for meeting the program objectives, Two
nickel-chromium alloys were selected for study in this program. The first was a
commercial alloy, Tophet 30, which is basically Ni-30Cr. This alloy is considered
to be one of the most oxidation resistant binary nickel-chromium alloys. The
second alloy select%d was an experimental Ni-20Cr-20W alloy developed in an earlier
program at Battelle 6). It has relatively good oxidation resistance, and it was
probable that this alloy, as a result of the presence of tungsten, would also show
lower thermal expansion and lower permeability by interstitials than other nickel-
chromium alloys,



Prospective use of nickel-base alloys as cladding materials at 2400 F
prompted improvement of their oxidation resistance, Since aluminum is known tp
significantly improve the oxidation resistance of nickel-chromium alloys(5’7’9),
addition of aluminum to the nickel-chromiumior nickel-chromium-tungsten alloys
appeared desirable, '

The nickel-chromium~aluminum phase relationships at 2100 F are shown in
Figure 1(8’9). About 8 percent aluminum is soluble in Ni-30Cr at 2100 F. At
1560 F, the solubility is only about 5 percent. Sections from the Ni-W-Cr-Al
quaternary diagram and the Ni-Cr-W ternary diagram are shown in Figure 2(10,11),
It is seen that the Ni-20Cr-20W alloy is single phase above about 1800 ¥, The
addition of about 7 percent aluminum to Ni-20Cr-20W reduces the solubility of
tungsten in the matrix phase, leading to the presence of tungsten phase (¢2) in
the alloy at 2010 F, However, the phase diagram suggests that intermetallic
nickel-~aluminum phase would not be present in a Ni-20Cr-20W-7 (or less) Al alloy.

It was concluded from the published phase relationships that as much as
5 percent aluminum could be added to both Ni-30Cr and Ni-20Cr-20W without forma-
tion of an embrittling second phase., It was hoped that this addition would benefit
oxidation resistance sufficiently to make the alloys useful at 2400 F, 1In order
to avoid fabrication problems, and also to develop a somewhat higher aluminum con-
tent near the surface, vapor phase deposition of the aluminum on the clad component
followed by a homogenization anneal to diffuse the aluminum into the nickel-base
cladding alloy was considered the most attractive procedure. Preliminary studies
showed that as much as 5 percent aluminum could be readily alloyed in Ni~30Cr or
Ni-20Cr-20W by this procedure,

At elevated temperatures, nickel and chromium have high mutual solubili-
ties, and extensive interdiffusion might be anticipated. The diffusion_coefficient
of chromium in a Ni-20Cr alloy at 2300 F has been determined as 7 x 10~ cmz/sec(122
Chromium diffusion into the Ni-base alloys could be quite extensive, and presumably,
nickel diffusion into the chromium-base alloy would be relatively rapid also, This
suggested the need for a diffusion barrier between the chromium alloy and the clad-
ding alloy. The most promising diffusion barrier material was considered to be
tungsten, It has been reported that at 3100 F (1700 C) the interdiffusion_ zone
between tungsten and chromium was only 7 mils thick after 1 hour exposure
suggesting that diffusion of tungsten in chromium may be relatively low at 2400 F
and below, No porosity was formed at the interface, which suggested that the
interdiffusion rates of chromium and tungsten were similar., Furthermore, slight
tungsten diffusion should not be detrimental since the chromium-base alloy of pri-
mary interest contains 5 percent tungsten.

The diffusion of tungsten into the Ni-30Cr or Ni-20Cr-20W was considered
a potentially greater problem than its diffusion into chromium, 1In this case,
little was known about diffusion kinetics, As tungsten diffused into either alloy,
a second phase would be stabilized, and embrittlement might be developed. Thermal
expansion differences between the tungsten barrier layer and the nickel-base clad-
ding alloy also appeared to be a potential source of trouble. Altering the inter-
face region between the tungsten barrier and the nickel cladding alloy by providing
a layer of platinum was considered as a possible method of overcoming these pro-
blems because of (1) supression of the tendencies to form intermetallic phases
during service, and (2) thermal expansion (of platinum) intermediate between chro-
mium (or tungsten) and the nickel alloy clad, This platinum layer is referred to
as a compatibility layer, The usefulness of vanadium as a compatibility layer was
also examined briefly,
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Although unalloyed tungsten was initially considered as the most pro-
mising barrier material, alternate materials were briefly evaluated on the basis

of early results. These included two tungsten alloys, W-25Re and W-1ThOp, and
unalloyed molybdenum,

A summary of the cladding systems selected for study is given in Table 1,
All systems were evaluated on a Cr-5W-0.1Y alloy base. )

MATERTALS

The Cr-5W-0.1Y alloy used in this investigation was prepared by the
General Electric Company, Refragtory Metals Plant, Cleveland, Ohio, as part of a
separate NASA-supported program 14). Analyses of the three lots of material pro-
vided for this study are given in Table 2., The sheet from Lot 58-100 proved to
be extremely difficult to handle since it cracked quite readily during sample pre-
paration. As a result, very little of this material was used in the program. Lot
64-100 was used most extensively, and unless stated otherwise, all samples described
in this report were prepared from sheet from Lot 64-100,

With the exception of the Ni-20Cr-20W alloy, which was arc melted and
fabricated to sheet at Battelle, the cladding materials were purchased from com-

mercial suppliers. The materials used in preparing the clad samples are described
in Table 3,

EXPERIMENTAT, PROCEDURES

Gas-Pressure Bonding

Samples for evaluation were prepared by assembly of the various compo-
nents and gas-pressure bonding.

Chromium alloy sample sizes before cladding were either 1/16 x 1 x 1
inch, 1/16 x 1 x 2 inches, or 1/16 x 3/4 x 3-1/2 inches., Machining of the 1/16-
inch chromium alloy sheet presented a major problem. TInitial attempts to edge
grind the sheet to size produced some edge cracks, Edge cracking was especially
severe in material from Lot 58~100., Cracking was minimized by first rough cutting
the sheet samples to size using a soft cut-off wheel followed by careful grinding
to finish dimensions., The samples were edge ground in packs of about fifteen sam-
ples with mild steel shims between each sample. To prevent microcracking, it was
found that only 0,0002-inch per pass could be removed using a silicon carbide
grinding wheel and water coolant, This procedure eliminated most edge cracks as
shown by dye penetrant inspection and microscopic examination, Only completely
crack~free bend samples were used, The major surfaces were also ground to provide
a uniform ground finish, The grinding direction in the 3/4 x 3-1/2-inch samples
was longitudinal to minimize scratch effects,



TABLE 1, CLADDING SYSTEMS SELECTED FOR STUDY

Compatibility
System  Barrier Layer(s) Laver Cladding Layer(s) Aluminized(l)
la 0.5 mil W None 5 mil Ni-20Cr-20W Yes
1b 1.5 mil W None 5 mil Ni-20Cr-20W Yes
2a 0.5 mil W 0.5 mil Pt 5 mil Ni-20Ct-20W Yes
2b 1,5 mil W 0.5 mil Pt 5 mil Ni-20Cr-20W Yes
2¢ 1.0 mil w(3) 1.0 mil Pt{3) 5 mil Ni-20Cr-20W Yes
3 0.5 mil W 0.5 mil Pt 5 or 10 mil Ni-30cr(2) No
4 0.5 mil W 0.5 mil Pt 5 mil Ni-30Cr Yes
5 1,0 mil W=-25Re 0.5 mil Pt 5 mil Ni~-30Cr Yes
6 1.0 mil W-25Re None 5 mil Ni-30Cr Yes
7 1.0 mi1 w(3) 0.5 mil Pt 5 mil Ni-30Cr Yes
8 0.5 mil 1.0 mil 2t(3) 5 mi1l wi-30cr Yes
9 1.5 mil W 1.0 mil v 5 mil Ni~-20Cr-20W Yes
10 2,0 mil Mo 0.5 mil Pt 5 mil Ni~20Cr-20 Yes
11 1.5 mil W None 10 mil NJ’.—3OCr(4 No
12 2,0 mil W-1ThOy 0.5 mil Pt 5 mil Ni-20Cr-20W Yes

(1) From 3 to 5 percent by weight aluminum was added to the cladding by pack
aluminizing and subsequent annealing to homogenize the aluminum distribution.

(2) 5-mil cladding used for 2100 F oxidation exposure, two 5-mil layers used for
2300 F oxidation exposure,

(3) Two 0.5-mil layers were used to give a total thickness of 1,0 mil,
(4) Two 5-mil layers.

(5) All alloy compositions in weight percent.



TABLE 2,

ANALYSTIS AND BEND PROPERTIES
ALLOYS REPORTED BY SUPPLIER(

12§ CHROMIUM~BASE

Lot No. 58-100
Form 1/16-inch sheet
Analysis, wt. percent
Tungsten 4,86
Yttrium 0.07
Sulfur 0.0020
Phosphorus <0.0010
Carbon 0,0080
Oxygen 0.0080
Nitrogen 0.0045
Hydrogen 0.0001
4T Bend Transition Temp., F
Longitudinal 985
Transverse 1065

64~100

1/16~inch sheet

4,82

0.11

0.0050
0.0010
0.0080
0. 0050
0.0035
0,0008

435
480

67-100
1/16-inch sheet

4.90
0.12
0.0070
0,0020
<0.0010
0.0041
0.0030
0.0005

300
615
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TABLE 3, CLADDING MATERIALS

Material(l) Thickness Source

Barrier Layers

Tungsten 0.5 mil Henry Cross Metals
1.5 mil Wah Chang Corporation and
Henry Cross Metals
W~25Re 1 mil Chase Brass & Copper Company
W-1ThO, 2 mil Henry Cross Metals
Molybdenum 2 mil Fansteel

Compatibility Lavers

Vanadium 1 mil Vanadium Corp., of America

Platinum 0.5 mil Baker Platinum Division,
Engelhard Industries, Inc.

Cladding Layers

Tophet 30 (Ni-30Cr) 5 mil Wilber B. Driver Company

Ni-20Cr-20W 5 mil Battelle Memorial Institute

(1) All compositions in weight percent.
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Edge protection of the chromium samples was provided by a picture frame
of Ni-30Cr alloy which was machined to fit the chromium sample and to provide
1/8-inch edge protection on all four edges of each sample. This procedure was
selected to avoid the problems involved in uniformly cladding all surfaces of the
specimens during the preliminary evaluation stage of the program and was subse~
quently used throughout the program except for the work reported as specialized
study. The major surfaces of the samples were clad with the components listed in
Table 1, In the first samples prepared, a barrier layer of tungsten was not
placed between the edges and the Ni-30Cr picture frame. However, this resulted
in excessive edge diffusion and cladding failures over the substrate~picture frame
junctures, A tungsten barrier was used to protect the edges of specimens subse-
quently prepared, A section through a typical pack assembly is shown in Figure 3,
As shown in this figure, the nickel-base cladding alloy was cut to fit over the
picture frame., The barrier layer, and compatibility layer when present, were cut
to the size of the chromium alloy sample., The entire assembly was enclosed in a
steel container for gas~pressure bonding. A molybdenum foil barrier layer was
used between the nickel-base cladding alloy and the steel can to prevent iron and
carbon contamination of the cladding during gas-pressure bonding, Figure 4 is a
photograph showing the components of a typical 1/16 x 3/4 x 3-1/2-inch sample
assembly,

Prior to assembly, the components were chemically cleaned in the solu-
tions listed in Table 4, degreased in methyl-ethyl-ketone, and rinsed in acetone
and alcohol., To avoid shifting in the pack assembly, the barrier and compatibility
layers were tack welded to the chromium alloy sample before assembly.

After assembly, the steel can was welded shut in a vacuum chamber, The
welded assembly was then gas-pressure bonded at 2150 F using a 10,000 psi isosta-
tic pressure for 2 hours. The steel can and molybdenum barrier layer were removed
after bonding by leaching in a nitric acid solution. The edges of the picture
frame were then ground to a uniform radius.

Aluminum Modification

In order to improve the oxidation resistance of the nickel-base cladding
alloys by adding 4 to 6 percent aluminum while retaining room temperature ductility,
a pack aluminizing-cementation process was selected, Cementation techniques were
developed using 10-mil samples of the cladding alloy, adding aluminum from both
sides, This procedure simulated that anticipated in subsequent aluminizing of the
5-mil cladding alloy from one side.

Aluminizing procedures used in these studies were as follows:

(1) Acid clean the sample in 50 volume percent HNO3 aqueous
solution, rinse in water, acetone, and hot trichloroethylene
vapor.

(2) Place sample in a graphite box containing a mixture of
1 weight percent ~-200 mesh aluminum powder, 1 weight
percent NaCl, and 98 weight percent Al,05 (~100, +200 mesh).
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TABLE 4, CLEANING SOLUTIONS FOR COMPONENTS
OF CLADDING SYSTEMS

Material, Solution,

welight percent volume percent Temp., F

W 45 HF~-20 HNO3~35 H20 75

W~-25Re Ditto "

W-1ThO, " B

Mo Organic solvent only -

Pt Ditto -

' " -
Ni-30Cr 33HF-33 HNO3-34 H,0 Boiling

Ni-30Cr-20W Ditto "
Cr~5W 33 HF-33 HNO3-34 H,0 Boiling
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(3) Place the graphite box in a cold Inconel-lined muffle furnace
and heat to the aluminizing temperature in a flowing argon
atmosphere, hold at the aluminizing temperature for 12 hours
(in a few cases, 18 hours), and cool in the furnace to below
700 ¥, Remove the box from the furnace and open. Preliminary
experimentation resulted in the selection of a temperature of
1750 F for aluminizing. :

After aluminizing, the samples were homozenized to distribute the alumi=-
num content more uniformly, The standard homogenization treatment was to anneal
for 4 hours at 2100 F plus 16 hours at 2200 F in argon followed by an air cool,

A tabulation of the amount of aluminum added to each sample prepared in

this program is given in the Appendix, Table A-1.

Evaluation of Oxidation Resistance

Because of the rapid failure observed with aluminized and nonaluminized
nickel alloys during oxidation at 2400 F, it was decided to limit oxidation studies
on clad chromium alloys to temperatures of 2300 F., To simulate the type of expo-
sures observed in gas-turbine engines, cyclic oxidation tests were necessary. In
these tests, samples were furnace heated in air to the oxidation temperature, held
a pre-selected time, and cooled in air to room temperature. After each cycle of
exposure, the samples were weighed and examined for evidence of spalling or thermal
fatigue cracks, After completion of the prescribed number of cyclic exposures, or
after premature sample failure, specimens were sectioned for metallographic examina-
tion, Oxidation studies were normally performed on either 1 x 1 or 1 x 2~inch clad
samples,

Temperatures for cyclic oxidation tests were either 2300 or 2100 ¥, A 200-
hour exposure time at temperature was used as a standard screening exposure. During
the first 100 hours, the samples were cooled to room temperature every two hours. Dur-
ing the second 100-hour exposure period, g 20-hour cycle was used. The samples were
exposed on an alumina rack in a static air atmosphere. The most promising systems as
determined from the 200~hour cyclic oxidation tests were exposed to 600-hour eyclic
tests at 2100 or 2300 F. 20-hour cycles were used in these tests,

Several of the clad samples were intentionally defected before oxidation
exposure by cutting a 30-mil-wide groove into the cladding surface to a depth of
5, 7, or 10 mils, The purpose of these tests was to determine the resistance of
the samples to defects in the cladding layer,

Several of the systems were also oxidation tested using two or three con-
tinuous exposure periods at two different temperatures, Test procedures used were:

(1) 2100 F for 100 hours, 1400 F for 100 hours, and air cool.

(2) 2100 F for 100 hours, 1400 F for 100 hours, 2100 F for
60 hours, and air cool,

These studies were selected to determine if oxidation exposure at lower temperatures
destroyed the effectiveness of the cladding system as has been observed in certain
other coating systems,
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Measurement of Bend Transition Temperature

The bend transition temperature was determined in_accordance with the
Standard Materials Advisory Board recommended procedures ), Bend samples measured
5/8 x 3-1/2 x 1/6 inch. Only longitudinal bend samples (the 3-1/2-inch dimension
parallel to the rolling direction) were prepared, Samples were bent over a 4T bend
mandrel using three-point loading, the end loading points being 1.5 inches apart.
The rate of mandrel movement was one inch per minute, The bend equipment was con-
tained in an electrically heated furnace capable of heating the samples to 1600 F,
Thermocouples were attached to the sample and to the bend mandrels to measure the
sample and mandrel temperatures, The temperature difference between the sample and
mandrel at the time of test was always <50 F.

Bend tests were performed on bare Cr-5W, clad samples, and clad samples
after cyclic oxidation exposure at 2100 or 2300 F. The Ni-30Cr picture frame used
to protect the edges of the sample from oxidation during cyclic exposures was re-
moved and the edges radiused by grinding through 600-grit paper before bend tests
were run,

Metallography and Chemical Analysis

-

Clad samples were examined as prepared after oxidation exposure and after
bend testing to determine the microstructural characteristics of the cladding layer
and to examine the presence and extent of interdiffusion. The metallographic sam-
ples were examined both as polished and after etching. Etching solutions used
included 30 volume percent lactic-20 volume percent nitric-15 volume percent HF,
Murakami's reagent (10g ferricyanide and 10g potassium hydroxide in 100 ml water),
5 volume percent chromic acid (electrolytic), or 10 volume percent oxalic acid
(electrolytic) depending upon the structural feature being studied (structure of
Ni cladding, structure of W barrier, diffusion of compatibility layer, or structure
of Cr alloy, respectively), Microhardness measurements using the Knoop indentor
with a 100-gram load were also used to examine for interdiffusion.

Several studies of the extent of interdiffusion were made using electron
microprobe analysis for the major elements present. Analyses for nitrogen contam-
ination were made using the micro-Kjeldahl technique.

RESULTS*

Selection of Aluminizing Treatment

The aluminizing variables investigated included aluminizing temperature,
nickel alloy composition, nickel alloy thickness, and sample location in the retort,
Aluminizing procedures were presented in the previous section of this report,

%A tabulation of all samples prepared in this program showing their composite,
size, and disposition is given in the Appendix, Table A-2,
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These studies showed that with equivalent aluminizing treatments, neither
alloy content (Ni-30Cr versus Ni-20Cr-20W) nor sample thickness (10 mils versus
>50 mils) affected the amount of aluminum picked up by the material during pack
aluminizing, Sample location in the retort was a more significant variable. Sam-
ples near the front of the retort gained slightly more weight. The results of a
detailed study of the effect of sample location, using 30 samples of 10-mil-thick
(3/4 x 1 inch) Ni-30Cr are shown in Figure 5. The samples were placed in a vertical
position in the retort with the 3/4 x 1 inch surfaces parallel to the front of the
retort, Samples were arranged in two vertical layers in the 2-1/2 x 5 x 8-inch
graphite box (top and bottom) and in two horizontal rows (left and right). The
samples were spaced 1 inch apart in each row and the row position was adjusted so
that the sample position in adjacent rows was 1/2 inch from that above or across
from it, As shown in Figure 5, about +10 percent variation in weight gain was
obtained as a result of sample location,

The weight gain observed as a function of aluminizing temperature is
shown in Figure 6, Except for the run at 2000 ¥, the results show a linear rela-
tionship on an Arrhenius plot. Thus, weight gain can be controlled quite readily
by controlling the aluminizing temperature, The somewhat low aluminum adsorption
at 2000 F probably resulted from aluminum depletion of the pack mixture., Assuming
a sample thickness of 10 mils aluminized on both sides (or 5 mils aluminized on
one side) and alloy densities of 8.3 gm/cc for Ni-30Cr and 9.5 gm/cc for Ni-20Cr-20W
an aluminum addition _of 5 weight percent would necessitate a weight gain during alu-
minizing of 5,5 mg/an® for Ni-30Cr and 6.4 mg/cm® for Ni-20Cr-20W.

The microstructure of the two alloy samples after aluminizing at 1750 F
is shown in Figure 7. The surface is seen to consist of intermetallic phases,
probably based on the compounds NijgAls, NiAl, and NijAl. The average hardness of
the surface layer was 600 Knoop as compared to about 300 Knoop for the nickel-base
alloy, The thickness of the compound layer varied as follows with temperatures:

Coating Thickness, mils

Temperature Ni-30Cr Ni-20Cr-20W
1600 0.5 0.7
1700 1.2 1.1
1750 1.2-1.3 1.5
2000 4-6 3.3-3.5

After aluminizing, these initial samples were homogenized for 25 hours at
2100 F in an argon atmosphere to distribute the aluminum content more uniformly,
The structure of two samples after homogenization is shown in Figure 8. Consider-
able diffusion occurred, and some subsurface porosity was developed. The aluminum
content in these samples was approximately 5 percent. As predicted by the phase
diagrams shown previously (Figure 3) , aluminizing appeared to increase the amount
of tungsten phase in the Ni-20Cr-20W alloy. The homogenized samples successfully
withstood bending over a 1/32-inch die at room temperature (about 3T) indicating
that aluminizing did not result in embrittlement. As apparent in Figure 8, rem-
nants of aluminide phases remained on the cladding surface, A subsequently devel-~
oped homogenization treatment of 4 hours at 2100 F plus 16 hours at 2200 F elimin-
ated the aluminide-phase remnants and resulted in uniform microstructure throughout
the cladding thickness, Subsurface porosity, however, remained,
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FIGURE 7., MICROSTRUCTURE OF TWO NICKEL-BASE CLADDING
ALLOYS AFTER ALUMINIZING AT 1750 F
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ALLOYS AFTER ALUMINIZING AT 1750 F AND
HOMOGENIZING FOR 25 HOURS AT 2100 F
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Samples of 10~mil-thick Ni-30Cr and Ni-20Cr-20W were processed to pro~
vide several different final aluminum contents and were then evaluated for oxida-
tion resistance to determine whether the aluminum content was beneficial, After
the oxidation treatment, the samples were bend tested at 75 F over a 1/32-inch
radius to detect embrittlement during oxidation. Samples evaluated included those
aluminized at 1600, 1700, 1750, and 2000 F, All samples were homogenized 25 hours
at 2100 F before evaluation except those aluminized at 2000 F which were evaluated
as aluminized. ‘

The samples were exposed to four different cyclic oxidation treatments:
(1) 100 hours at 1600 F, 20-hour cycles.

(2) 200 hours at 2100 F, 2-hour cycles for the first 100 hours,
20-hour cycles thereafter,

(3) 100 hours at 2300 F, 2-hour cycles.
(4) 100 hours at 2400 F, 2-hour cycles,

The results of the first three tests are summarized in Table 5. All
samples showed a small weight gain at 1600 F. Some intermetallic phase precipi-
tated during the exposure. This was sufficient to partially embrittle the Ni-20Cr-
20W sample containing 4.5 percent aluminum, Both alloys were sufficiently oxida-
tion resistant at 1600 F to be useful as a 5-mil cladding alloy without aluminum
modification. At 2100 F, the unaluminized Ni-30Cr alloy had good oxidation resis-
tance, showing a slight weight loss in 200 hours due to a small amount of oxide
spalling, About 0,5 mil of surface material was lost per side. Adding 1.1 percent
aluminum was quite detrimental, but 2.9 percent aluminum halted the oxide spalling
noted on unaluminized Ni-30Cr. 16.5 percent aluminum, mostly present as surface
intermetallics, resulted in failure by thermal fatigue during cyclic oxidation,

In contrast to Ni-30Cr, the Ni-20Cr-20W alloy was not oxidation resistant at 2100 F
without aluminizing. WNonaluminized Ni-20Cr~20W was almost completely oxidized in
80 hours at 2100 F, Addition of 1,1 percent aluminum was of only minor benefit,
but 2,9 aluminum greatly improved oxidation resistance at 2100 F. When 2.9 per-
cent aluminum was present, the alloy showed only slight weight gain and remained
ductile after exposure, 16,5 percent aluminum improved oxidation resistance, but
intermetallic phases formed leading to embrittlement. At 2300 ¥, the unmodified
Ni-30Cr alloy showed extensive weight loss due to oxide spalling., One to two mils
per side was lost, and the alloy was embrittled. Continuous oxide spalling also
occurred after addition of 2,9 percent aluminum, but the alloy showed some ductil-
ity after exposure. When 4.5 percent aluminum was added, oxide spalling was largely
eliminated, and a weight gain resulted., This sample was ductile. The Ni-20Cr-20W
alloy was not tested at 2300 F in the unmodified condition since severe oxidation
was noted at 2100 F, Samples alloyed with either 2.9 or 4.5 percent aluminum were
quite oxidation resistant, The oxide appearance suggested a molten oxide was
present, perhaps a mixture of A1203 and W03, The 2A1,05°5W03 oxide melts at 2250 ﬁﬁ?
Partial embrittlement resulting from oxide penetration up to 3 mils in certain areas
occurred in the sample containing 2.9 aluminum. The sample containing 4.5 percent
aluminum was ductile, however. The microstructure of this sample after oxidation
is shown in Figure 9, It is seen that the oxide is largely restricted to the sur-
face region,
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TABLE 5., OXIDATION RESISTANCE OF ALUMINIZED NICKEL-BASE ALLOYS

Approximate . . Ni-30Cr Samples et Ni-20Cr-20W Samples
Al Content,  “ Weight Gain, : Bend =~ "Weight -Gain,,+ Bend
weight percent mg/ cm Results ‘ me/ cm Results

Oxidized at 1600 F for 100 hours, 20-hour cycles

0 0.2 Ductile - -

2.9 0.3 Ductile 0.1 Ductile

4,5 0.3 Ductile 0.1 Partially Ductile

Oxidized at 2100 F for 200 hours,
2-hour cycles for 100 hours, 20-hour cvcles thereafter

0 -1.0 Ductile >g(2) Brittle

1.1 -6.9 Brittle 11 Brittle

2,9 1.7 Ductile 1.4 Ductile

16,5 ¢D) - ~-3.6 Brittle

Oxidizedvat 2300 F for 100 hours, thqur cyclegﬁ

0 -10 Brittle - ; -

2.9 -10 Partially Ductile 1.3 Partially Ductile
4,5 3.2 ‘ Ductile =0.7 Ductile

(1) Sample failed in 60 hours by thermal fatigue.

(2) Test halted after 80 hours.
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Continuous weight measurements were made during static oxidation of
samples aluminized to give about 4.5 percent aluminum. After 24 hours at 2300 F,
both alloys showed about the same weight gain and were oxidizing in a parabolic
manner, The microstructure of the two alloys after oxidation for 24 hours at
2300 F is shown in Figure 10, The surface appeared more irregular on the Ni-30Cr
alloy, and a small amount of internal oxide was present. The Ni-20Cr-20W alloy
showed evidence of tungsten depletion near the surface and appeared to show more
uniform attack., No internal oxidation was apparent,

The weight change observed in samples oxidized at 2400 F is shown in
Figure 11, Both nickel-base alloys showed poor oxidation resistance at 2400 F,
Modification with 1.1 or 2,9 percent aluminum improved oxidation resistance some-
what, but not sufficiently to make the alloys useful at 2400 F. Samples contain-
ing 16,5 aluminum were completely embrittled after the first cyclic exposure .at
2400 F.

Samples containing 4.5 percent aluminum were expoesed to constant temper=
ature oxidation for 24 hours at 2400 F, The Ni-30Cr alloy showed severe oxidation
and some evidence of melting. In contrast, the Ni-20Cr-20W showed relatively
little damage during this test., Considerable tungsten depletion throughout the
sample thickness was evident, however, as shown in Figure 12,

After oxidation exposures of all thin cladding materials at 2300 and
2400 F, the samples were severely warped and distorted., This condition is more
severe than would be expected when the materials are backed with the thick sub-
strate. Although excessive oxide spalling may be linked to this distortion, the
general indications of these studies are believed valid,

The results described above suggest that the Ni-30Cr alloy is sufficiently
oxidation resistant to be used in the unmodified condition at 2100 F. At 2300 F,
aluminum modification is necessary. At 2300 F, aluminized Ni~20Cr-20W alloys appear
superior to aluminized Ni-30Cr alloys. Neither system appeared sufficiently oxida-
tion resistant for service at 2400 F, It was concluded from these studies that
modification with 4.5 percent aluminum (1750 F aluminizing treatment) was about
optinum, and this treatment was selected for use in preparing clad chromium samples.
Some study of unmodified Ni-30Cr-clad samples also appeared justified.

Examination of Cladding Variables

Several of the cladding systems were examined to determine the effects
of gas-pressure bonding, aluminizing, and homogenizing on the structure of the
interfacial region. These systems were la, 2a, 4, 5, 6, 7, and 8.%

Gas-pressure bonding for 2 hours at 2150 F using 10,000 psi pressure
resulted in good bonding between the chromium alloy and the barrier layer and
between the barrier layer and cladding layer. Some porosity was apparent between
the two 0,5~-mil tungsten foils used to provide the l-mil barrier layer in System 7,
but this tended to be eliminated during homogenization (see Figure 15 for an illus-
tration of the porosity present after homogenization).

*To facilitate discussion, the various cladding systems are referred to by system
number throughout this report, Systems are identified in Table 1, page 8.
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4 UT>;J;;;.H ’ ' %g
400X 29591
(a) Aluminized Ni-30 weight percent Cr

400X 29587

(b) Aluminized Ni-20 weight percent Cr-20 weight percent W

FIGURE 10. MICROSTRUCTURE OF ALUMINIZED NICKEL-BASE ALLOYS
(4.5 WEIGHT PERCENT ALUMINUM) AFTER OXIDATION

FOR 24 HOURS AT 2300 F
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Ni-20Cr-20 W
®

Weight Change, mg/cm?

Time, hours

. e Unmodified

O————0 Aluminized at 1600 F,
12 hours ¥(~1.1% Al)

O———a0 Aluminized at 1700 F,
12 hours* (~2.9% Al)

weight percent
Ni-30Cr

o===—=% Unmodified

®———@ Aluminized at 1600 F,
12 hours ¥ (~1.1% Al)

@~ ——-@ Aluminized at I700 F,
12 hours* (~2.9% Al)

]

40 50

A-5308i

- FIGURE 11, WEIGHT CHANGE DURING CYCLIC OXIDATION AT 2400 F

*Samples were homogenized at 2100 F for 25 hours.
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400X

FIGURE 12,

29589

MICROSTRUCTURE OF ALUMINIZED Ni-20 WEIGHT
PERCENT Cr~20 WEIGHT PERCENT W (4.5 WEIGHT

PERCENT ALUMINUM) AFTER 24-HOUR OXIDATION
AT 2400 F
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Aluminum was deposited largely as intermetallic phases during aluminizing.
Homogenization for 4 hours at 2100 F followed by 16 hours at 2200 F resulted in
diffusion of the aluminum into the cladding layer, This is illustrated for a Sys-
tem 4 sample in Figure 13. Porosity tended to develop near the cladding surface
during diffusion. The extent of porosity formation was generally greater during
homogenization of aluminized Ni~30Cr claddings than during homogenization of alumi-
nized Ni-20Cr-20W claddings. (This may be seen by comparing Figures 13, 15, and
16 with Figure 14,) The rapid diffusion of the platinum compatibility layer is
apparent in these figures. Some diffusion of this layer occurred during gas-
pressure bonding., After homogenization, this layer was not easily located.

The variation in hardness observed in the System 4 sample after bonding,
after aluminizing, and after homogenlzlng is shown in,Table 6. lefu81on of plati-
num into the cladding alloy caused a marked incréase in hardness near the barrier
layer, After homogenization, the hardness had dropped significantly as the plati-
num concentration was distributed more uniformly, Aluminum diffusion, combined
with platinum diffusion during homogenization, increased the hardness of the clad-
ding alloy but not excessively, No hardenlng of the chromium alloy was apparent
throughout the processing schedule,

Measurements of the thickness of the barrier layer after the various
processing steps are presented in Table 7., Of the seven systems examined, all but
one, System la, contained a platinum compatibility layer. This system was the
only one not showing significant loss of the barrier waterial during processing.
Also, it was observed that System 8, which contained twice as much platinum as
the other platinum-containing systems, showed the greatest loss of barrier material,
The appearance of Systems la and 2a after homogenization is shown in Figure 14,
The difference in the barrier layer thickness is readily apparent, Also, it can
be seen that the platinum layer is not visible in System 2a after homogenization.
Thus, the original intent of the platinum layer, to provide a region of interme-
diate thermal expansion between nickel and tungsten alloys and to prevent inter-
metallic compound formation, was unlikely to be successfully realized. Systems 7
and 8 are compared in Figure 15, These samples are identical except for the rela-
tive thicknesses of platinum and tungsten. .Initially, System 7 contained 1 mil
of tungsten and 0,5 mil of platinum, System 8 contained 0.5 mil of tungsten and
1.0 mil of platinum., Very little barrier layer was left in System 8 after homo~
genization.

Platinum appeared beneficial when using a W-25Re alloy barrier layer.
In System 6, where no platinum was present, the barrier layer showed extensive
cracking during homogenization., The System 5 sample did not show fragmentation,
presumably due to the presence of platinum, The structures of these two systems
are shown in Figure 16. The tungsten-rhenium alloy is apparently not compatible
with Ni-30Cr in the absence of platinum, The fairly extensive attack of the bar-
rier layer along the interface between the barrier and cladding in System 5 sug-
gests that it is only marginally compatible when platinum is present,

These evaluations indicated that gas-pressure bonding to produce a com=-
posite cladding system was feasible and that a reasonably uniform aluminum addi-
tion could be made to the cladding alloy after bonding by vapor phase deposition
and homogenization, They also indicated that solution of the barrier layer during
prolonged elevated temperature exposure could be expected, and that the presence
of platinum accelerated the rate of attack of the barrier., System 6 was shown to
be defective after homogenization as a result of incompatibility between W-25Re
and aluminized Ni-30Cr.
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Barrier

Cr alloy

500X As homogenized 1A892

500X As aluminized 1A891

FIGURE 13. MICROSTRUCTURE OF SYSTEM 4 SAMPLE (IV-4) AFTER ALUMINIZING
AND AFTER HOMOGENIZING
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Ni alloy . £1,4,

&

BRALAE SRS RTI S RS W .
: EESO] 1A Barrier oo aEaa
T Cr alloy |
( .
‘ 200X 8A778
>00X 8A777 System 2a (II-8)

System la (I-9)

FIGURE 14, MICROSTRUCTURE OF SYSTEMS la (NO Pt LAYER) AND 2a (1/2-MIL

Pt '"COMPATIBILITY'" LAYER) SAMPLES AFTER ALUMINIZING AND
HOMOGENIZING



500X

32

——

Barrier—

Cr alloy : N

System 7 (VII-7) 6A049 500X System 8 (VIII-7) 6A050
(1 mil W:1/2 mil Pt) (1/2 mil W:l mil Pt)

FIGURe 15. MICROSTRUCTURES OF SYSTEMS 7 AND 8 SAMPLES AS HOMOGENIZED
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. Barrier

. Cr alloy

500X System 5 (V-9) 6A047 - 500X System 6 (VI=3) 6A048
(1/2 mil Pt) (no Pt)

FIGURE 16. MICROSTRUCTURES OF SYSTEMS 5 AND 6 SAMPLES AS
HOMOGENIZED (W-25 PERCENT Re BARRIER LAYER)
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KNOOP HARDNESS OF SYSTEM 4 SAMPLE AFTER
VARIOUS PROCESSING STEPS (100-gram load)

Distance from
Tungsten Barrier, mils

As Homogenized
As Gas-Pressure As Aluminized 4 hr 2100 F +
Bonded (5 mg/cm?) 16 hr 2200 F

~5.5

A
-3
-2
-1.5
-1
-0.5

Cladding Laver

- 440 (Porous)
(In aluminide)

180 200 280
170 220 270

- 220 280
280 240 -
330 290 270
630 680 320 (two

phase regions)

In Tungsten Barrier

370 300 380

Chromium~5 weight percent Tungsten Alloy

N =
oo~ WN K

200 220 220
200 230 210
230 230 210
220 240 220
240 220 230
210 240 240
230 240 240

230 220 220
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TABLE 7. THICKNESS OF BARRIER LAYER AFTER VARIOUS TREATMENTS

Thickness of Tungsten Laver, mils

Sample As Gas-Pressure As As
System  Number Initial Bonded Aluminized Homogenized
la 1-9 ~0.5 0.5 0.4 0.4
2a 1I-8 ~0.5 0.3 0.3 0.2
4 1iv-12 ~0.5 0.3 0.4 0.3
V-4 ~0.5 0.5 0.3 0.3
5 V-9 ~1.0 0.6 0.6 0.7
6 VIi-3 ~1.0 0.9 0.6 Extensive
fracturing
7 ViI-7 ~1.0 1,0 0.9 0.7
8 VIII-7 ~0.5 0.2 0.2 <0.1
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Oxidation Resistance at 2100 F

The behavior of samples exposed to cyclic oxidation at 2100 F is summar-
ized in Table 8, and photographs of a representative oxidation test sample of each
system are shown in Figure 17, One would expect the weight gain in cyclic oxida~
tion tests to be determined largely by the composition of the cladding alloy layer.
However, diffusion of the barrier or compatibility layer into the cladding layer
could alter the oxidation behavior. The weight gains measured in these tests are
grouped according to cladding alloy in Table 9. In considering these data, it must
be recognized that some inconsistencies are present owing to :«pture of the clad-
ding at corners and edges where the substrate contacted the massive picture frame,
In Systems 1b, 2b, 9, 10, 11, and 12 and System la, Specimens 4 and 5, this local-
ized clad defecting was prevented by including tungsten barrier layers at substrate
edges, Notwithstanding, the extent of local clad defecting at 2100 F was considered
sufficiently limited so that analyses of weight change data are generally valid.

As shown in Table 9, the aluminized Ni-30Cr cladding showed the highest weight gain,
A lower weight gain was observed in unaluminized Ni-30Cr and still less with alumi-
nized Ni~20Cr-20W. It is not certain whether this represents differences in amount
of oxidation or in the extent of spalling. Within each group of systems having
similar surface cladding, some differences were observed. A portion of this dif-
ference no doubt is due to differences in amount and distribution of aluminum among
the various samples, However, it is apparent that the composition of the barrier
and compatibility layers also is significant, An extreme example of this is shown
by System 9 which contained a vanadium compatibility layer, Vanadium resulted in
rapid deterioration of the sample, apparently causing a molten oxide to form. Pla-
tinum appeared to increase the weight gain in samples clad with aluminized Ni-20Cr-
20W or Ni-30Cr. 1In unaluminized Ni-30Cr-clad samples, platinum reduced the weight
gain during oxidation. Examination of the surface appearance after oxidation (see
Figure 17) shows several differences, as summarized below,

(1) The blistering tendency observed on System 6 was not seen
on System 5. Thus, platinum may be beneficial in a Ni-30Cr-
clad system where a W-Re barrier is used, System 6 was
defective as processed, as pointed out in the previous
section,

(2) Increased platinum changed the surface appearance of
samples clad with aluminized Ni-30Cr, (The System 8
samples developed a mottled surface during oxidation,)

(3) Platinum had little effect on the surface appearance
of samples clad with aluminized Ni-20Cr-20W (System la
versus 2a, System 1lb versus 2b and 2c).

(4) The use of Mo or W-1ThOy barrier instead of tungsten
had little effect on surface appearance after oxidation,

(5) Vanadium present in the system caused a marked change
in surface appearance.
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TABLE 8, OXIDATION RESISTANCE DURING CYCLIC OXIDATION AT 2100 F

Sample Weight Gain, mg/cm2 in,

System  Number 100 hr 200 hr 600 hr Comments
la I-1 1,51 - Extensive cracking at clad:picture
frame junction.(1l)

I-4 0.61 0,61 Sample in excellent condition,

I-5 0.74 0,71 One corner crack; otherwise in excel-
lent condition,

1b I-16 0.81 - Sample appeared in good coﬁdition.

I-19 1,15 All samples in good condition. Gray

I1-23 1,19 oxide formed, Some spalling on pic-

1=-24 1,22 ture frame.

I-26 1,23

2a I1-1 1,95 - Extensive cracking at clads:picture
_ frame junction.(l ‘

II-2 0,68 0.69} Samples in good condition except for

1I-3 0.84 0,91 cracks at corners where cladding
joined picture frame,

2b 11-17 1.01 - Sample in good condition.

11-18 0.93 Spalling on one edge; inadequate
aluminizing.

I1-19 1.95 Samples in good condition. Some

11-20 1.28 spalling late in test accounts

11-24 1.17 for weight differences.

2¢ I1-9 1.55 1.86 Sample in excellent condition except
for corner cracks,

11-10 2.63 - Corners of cladding fracture at in-
terface with picture frame and
curled up.

3 I1T~-1 1.17 1.02 Oxide spalling began after about 50

I11-2 0.85 - hours., Weight loss occurred from

III-3 0.68 0.23 this point. Some separation of clad-
ding:picture frame junction,

4 Iv-1 2,42 - Some cracking at cladding:picture

V-2 2,23 2.83} frame iunction, especially at cor-

V-3 1.90 2.49 ners, (1)

5 V-3 1.10 1.34 Samples in good condition. Cracks at

V=4 1,22 - one corner at picture frame:clad-

V=5 1,32 1.62 ding junction.

6 VI-1 1,02 1,32 Slight cracking at picture frame: N

VI-2 1,08 - } cladding interface; otherwisge_good,,

Vi-4 2,26 in 40 hours Sample apparently defective,

7 VII~-1 1.38 1,69

Some cracking along Yicture frame:
cladding junction.( )
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TABLE 8. (continued)

Sample Weight Gain, mg/cm? in.

System  Number 100 hr 200 hr 600 hr Comments
7 VILI-3 1.20 in 50 hours Sample deYe}oped crack in cladding
(cont,) surface, (1
VII-4 2,24 in 90 hours Sample deyeloped crack in cladding
surface,
8 VIII-1 2,21 - Sample in good condition except for
VIII-2 2,45 2.96§ cladding cracks over picture frame
VIII-3 1.83 2.10 junction, Few small blisters on
surfaces.
9 1X-3 3.52 in 10 hours Oxide melting and rapid attack
occurred,
10 X=-4 0.94 - Sample in excellent condition,
11 X1-1 1,56 - Sample in excellent condition.
12 XII-4 0,82 - . Sample in excellent condition,

(1) No tungsten barrier between picture frame and chromium alloy.
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TABLE 9, SUMMARY OF WEIGHT CHANGES DURING CYCLIC OXIDATION AT 2100 F

Weight Gain,
Compatibility Barrier meg/ cm?, after
System Cladding Layer(l) Laver Layer(l) 100 hr 200 hr

Unmodi fied Ni-30Cr

11 10 mil Ni-30Cr - 1,5 mil W 1,56 -
5 mil Ni-30Cr 0.5 mil Pt 0.5 mil W 0.90 0,62

w

Aluminized Ni~30Cr

4 5 mil Ni-30Cr:5A1 0.5 mil Pt 0,5 mil W 2,18 2,66
7 Ditto Ditto 1.0 mil W 1.38 1.69
8 " 1,0 mil Pt 0.5 mil W 2,16 2,53
6 " - 1.0 mil W-25Re 1.05 1,32
5 " 0.5 mil Pt Ditto 1.21 1.48
Aluminized Ni-20Cr-20W

la 5 mil Ni=-20Cr-20W:5A1 - 0.5 mil W 0.68 0.66
2a Ditto 0.5 mil Pt Ditto 0.77 0.80
1b n - 1.5 mil W 0,81 -
2b " 0.5 mil Pt Ditto 1.01 -
2¢c " 1.0 mil Pt 1.0mil W 1.55 1,86
12 " 0.5 mil Pt 2 mil W—lTh02 0.82 -
10 " Ditto 2.0 mil Mo 0.94 -

9 " 1l mil v 1.5 mil W >>3,52 -

(1) Alloy compositions and aluminum additions given in weight percent,
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System 1b (I-16)

-5)

System la (I

System 2b (II-17)

System 2a (II-2)

System 4 (IV-1)

System 3(III-2)

System 2¢ (II-9)

-

=
S

-

.

System 6 (VI-2)

System 5 (V=3)

1)

System 7 (VII-

APPEARANCE OF OXIDATION SAMPLES AFTER 100-HOUR

CYCLIC EXPOSURE AT 2100 F WITH 2

FIGURE 17

HOUR CYCLES

sample numbrr ]

Lo
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System 9 (IX-3)
(This sample exposed only 10 hours)

System 11 (XI-1)

S
S
i

System 12 (XII-4)

FIGURE 17. (continued)
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0f much more importance than weight gain or surface appearance is the
microstructural changes at the interface between the chromium~base alloy and the
cladding layers occurring during cyclic oxidation, The microstructures of two
clad samples after cyclic oxidation exposure for 200 hours at 2100 F are shown in
Figure 18, Both samples developed a considerable amount of cracking of the tungsten
barrier layer. Pitting of the chromium alloy, apparently as a result of diffusion
through the cracked regions in the barrier layer is also apparent., The platinum
layer originally present in System 2a is not visible indicating complete solution
and diffusion. The severity of break-up of the tungsten layer appeared greater in
the platinum-containing system. The cladding layer was in reasonably good shape in
both samples.

Figure 19 illustrates the appearance of two samples, one of System 1b and
one of System 2b, after cyclic oxidation for 100 hours at 2100 F. An etch designed
to develop the chromium grain structure was used. This etch results in appreciable
staining of the cladding alloy when platinum is present, which accounts for the un-
usual appearance of the clad layer in Sample II-17, An obviously different etching
response is seen in both samples in the chromium alloy immediately beneath the bar-
rier layer for a depth of one or two grains. This apparently results from diffusion
of the cladding alloy. Cracking of the barrier layer is extensive in both samples,
However, there is no evidence of nitride contamination in the samples, which would
show up as a grain boundary phase and as needles within the grains (see Figure 36,
page 75), Extensive separation along the cladding:barrier layer interface on Sample
I-16 was observed.

One sample was analyzed to determine if nitrogen contamination occurred
during cyclic oxidation at 2100 F, This sample, I-23, a System lb sample exposed
for 600 hours at 2100 F using 20-hour oxidation cycles, contained 180 ppm nitrogen
by analysis., The base analysis of the chromium alloy was 50 ppm, Thus, it appears
that the cladding system provided quite good protection against nitrogen contamina-
tion at 2100 F,

A further illustration of the structure at the interface region is shown
in Figure 20, As polished, it appears that some tungsten diffusion into the clad-
ding alloy layer has occurred since a second phase, which resembles tungsten, is
seen in the aluminized Ni-30Cr alloy extending about 0.5 mil into the cladding layer.
A diffusion region of variable depth is seen in the chromium-base alloy. The depth
of this layer is greatest under cracks in the tungsten. Etching in Murakami's etch
results in development of the tungsten microstructure (and also solution of the
tungsten~rich phase in the cladding alloy near the tungsten:cladding alloy interface),

Measurements of the barrier layer thickness after oxidation exposure indi-
cated that the tungsten barrier tended to dissolve only slightly into alloy or the
cladding layer. This was true in both platinum-containing and platinum-free systems.
Little change in tungsten thickness occurred beyond that attributable to the homo-
genization anneal, The solution rate of the W-25Re barrier was much more rapid than
that of unalloyed tungsten, and the barrier appeared two-phase after cyclic exposure.
The appearance of the W-25Re barrier in System 5 after 200 hours at 2100 F is shown
in Figure 2la. 1In some cases, the tungsten barrier also developed a two-phase
appearance when etched in Murakami's etch as shown in Figure 21b, This is believed
to be an etch artifact, however. The W—lTh02 barrier in System 12 shown in Figure
22 appeared to develop cracks in much the same manner as unalloyed tungsten. The
molybdenum barrier was apparently incompatible with the chromium alloy and the clad-
ding alloy as extensive fracturing occurred throughout the molybdenum-rich region
during cyclic oxidation,



43

Ni alloy
Barrier
., Cr alloy
250X System la--Sample I-5 6A694
(no Pt)
g/v
ﬁ: Ni alloy

' Pt was here
: “ a2 Barrier
- g™y *

Cr alloy

250X System 2a--Sample II-2 6A695
(1/2 mil Pt)

FIGURE 18. MICROSTRUCTURE OF TWO CLAD CHROMIUM SAMPLES
AFTER CYCLIC OXIDATION EXPOSURE FOR 200 HOURS
AT 2100 F
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100X System lb--Sample I~16 (no Pt) 5B215

Pt-rich zone

100X System 2b--Sample II-17 (1/2 mil Pt) 5X218

FIGURE 19. (MICROSTRUCTURE OF TWO CLAD CHROMIUM
ALLOYS AFTER CYCLIC EXPOSURE FOR 100
HOURS AT 2100 F



45

Cr alloy

750X (a) As polished 3A435

750X (b) Murakami's etchant 3A441

FIGURE 20, APPEARANCE OF THE TUNGSTEN INTERFACTAL AREA
OF SAMPLE IV-1, SYSTEM 4 AFTER 100 HOURS
CYCLIC OXIDATION EXPOSURE
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Ni alloy

Barrier

Cr alloy

500X 8A773
(a) System 5--Sample V-3 (200 hours)
(W-25 weight percent Re barrier)

Ni alloy

Barrier

Cr alloy

750X 3A440
(b) System 2a--Sample II-1 (100 hours)
(W barrier) '

FIGURE 21. APPEARANCE OF BARRIER LAYER IN TWO
SAMPLES AFTER CYCLIC OXIDATION AT 2100 F
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Ni alloy

Barrier

Cr alloy

500%

5B227

FIGURE 22. APPEARANCE OF W-1 WEIGHT PERCENT ThO
BARRIER IN SAMPLE XII-4, SYSTEM 12,

AFTER 100 HOURS CYCLIC OXIDATION AT
2100 ¥
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Samples from two of the systems, 1lb and 2b, were oxidized using pro-
longed exposure at 2100 and 1400 F, One sample of each system was exposed for
100 continuous hours at 2100 F followed by 100 continuous hours at 1400 F. A
second sample was exposed 100 continuous hours at 2100 F, then 100 continuous
hours at 1400 F, and finally 60 continuous hours at 2100 ¥, These exposure con-
ditions were designed to show if prolonged intermediate temperature exposure was
harmful to the cladding system, The results of these tests are shown in Table 10,
All four samples appeared in excellent condition at the completion of the test.
The microstructure of the System 1b sample exposed to the 2100 F:1400 F:2100 F
sequence is shown in Figure 23, Separation of the cladding at the tungsten:
chromium alloy interface is apparent in this figure; however, much of the cladding
remained well bonded. This separation may have occurred during sectioning for
metallographic examination, Of special interest is the absence of cracks in the
tungsten barrier layer irrespective of whether cladding separation had occurred,
Apparently, the cracking of tungsten observed during cyclic oxidation testing is
the result of thermal cycling. In regions away from the separation shown in Fig-
ure 23, no contamination was metallographically apparent, However, the System 1b
sample exposed only to 2100 F:1400 F showed a precipitate phase extending about
2 mils beneath the undefected tungsten barrier layer, This suggests that metallic
contamination present at the substrate surface exceeded the solubility limit at
1400 F, but not at 2100 F., The companion specimens of System 2b showed metallo-
graphic evidence of contamination after both treatments,

Several samples were examined to gain an insight into the factors affect-
ing cracking of the tungsten and contamination of the chromium substrate. These
included a number of the oxidation samples already described as well as a few sam-
ples prepared primarily for bend testing., These latter samples were included be-
cause of the longer oxidation time they received. The primary comparisons were
made between Systems 1b and 2b, both of which were clad with aluminized Ni-20Cr-20W
and had a 1,5-mil-thick tungsten barrier layer. System 2b samples contained a plat-
inum compatibility layer whereas System 1b did not.

Although some loss of tungsten has occurred as indicated by the thickness
measurements of the barrier layer in Table 11, the amount of loss is small at 2100 F.
No consistent change with time at 2100 F is apparent suggesting that most of the
loss in tungsten occurred during processing of the sample, Chromium pits tended to
develop under cracks in the tungsten barrier. The appearance of the pitting and
contamination observed in these samples after 600 hours oxidation exposure at 2100 F
is shown in Figures 24 and 25, Examination of the data for Systems 1b and 2b in
Table 11 suggests that the tendency for cracking of the tungsten and pitting in the
chromium is partially related to the number of thermal cycles. (Sample II-20 is
believed to have developed separation at the barrier:chromium interface early in
the test, A good measurement of pit spacing and depth could not be made.) Thus,
the pit spacing is smallest in those samples (I-16 and II-17) having the most number
pf cycles, The depth of pitting and the depth of contamination appear related to
the oxidation time, This is illustrated in Figure 26, The depths of both pitting
and contamination appeared to vary with the square root of time (d«tllz). Although
the differences were slight, System 1b showed slightly less contamination than 2b,
suggesting that the presence of platinum may be undesirable,

Considerable interface pitting or separation was also observed in these
samples, This was of two types, separation along the cladding:barrier interface
and separation along the barrier:chromium interface. These two types of separa-
tion are shown in Figures 19 and 23, respectively, Separation along the barrier:
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TABLE 10. WEIGHT GAIN DURING INTERMEDIATE TEMPERATURE OXIDATION

Weight Gain, mg/cm®, during static oxidation
Sample lst Exposure, 2nd Exposure, 3rd Exposure,
System  Number 100 hr 2100 F 100 hr 1400 F 60 hr 2100 F

1b I-18 0.8 0.01 -
I-17 0.6 0.01 0.4

2b II-23 0.8 0.00 -
I1-21 0.8 0.01 0.3

Note: Samples were air cooled to room temperature after each
exposure period.
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Ni alloy

4———-—.
Barrier

Cr alloy

100X

5B232

FIGURE 23. APPEARANCE OF SYSTEM 1b SAMPLE AFTER

OXIDATION AT 2100 F FOR 100 HOURS,

1400 F FOR 100 HOURS, AND 2100 F FOR
60 HOURS (I-17)
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Ni alloy

barrier

Cr alloy

100X 5B236

Ni alloy

Barrier

500X 5B237

FIGURE 25. MICROSTRUCTURE OF SYSTEM 2b SAMPLE (I1-20)
AFTER CYCLIC OXIDATION FOR 600 HOURS AT
2100 F (20-HOUR CYCLES)

Oxalic acid electrolytic etch.
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chromium interface may have occurred during sample sectioning for metallographic
examination. As shown in Table 11, both types of separation appeared related more
to exposure time than to number of cycles., Separation of the barrier:cladding in-
terface was similar in both systems. Barrier:chromium separation was greater in
System 2b, again suggesting that platinum may be harmful,

Data for two other systems, 11 and 12, are also given in Table 11. Both
appear superior to Systems 1b and 2b from the standpoint of durability of the system
under cyclic oxidation conditions at 2100 F, The crack frequency in the barrier
layer is less and the depth of visible contamination is less. Neither system was
free from barrier layer defects after oxidation exposure, however.

The extensive visual contamination and pitting observed in these samples
suggested that significant interdiffusion of cladding and chromium alloy elements
was occurring, Electron microprobe analyses were made in the vicinity of a pit in
a System la sample, The sample examined, I-5, had received 200 hours cyclic oxida-
tion exposure at 2100 F, Figure 27 shows the variation in Ni, Cr, and W near a
crack in the tungsten. The cladding layer was aluminized Ni-20Cr~-20W, but detection
of aluminum was not possible with the particular instrument used. The values indi-
cated are relative intensity, not weight percent. The cladding layer shows the
expected alloy variation, with occasional high tungsten areas as second-phase par-
ticles are traversed, It appears that chromium content increases as the barrier is
approached suggesting diffusion from the chromium alloy into the cladding alloy.

The nickel content decreases near the barrier layer, Very little diffusion of
tungsten into the cladding alloy is observed. Some nickel and a lesser amount of
chromium have apparently diffused into the tungsten barrier. The chromium alloy
shows a significant loss of chromium near the barrier layer, and an increase in
tungsten and nickel, Tungsten penetration into the alloy was only about 1 mil,

but nickel was detected 4 mils below the barrier. A second traverse, made through
the discontinuity in the barrier layer, is shown in Figure 28, This traverse is
similar to that shown in Figure 27, The principal differences are a greater increase
of chromium in the cladding layer and depletion of chromium to a greater depth in the
base metal,

The microprobe analyses show major diffusion is occurring across the bar-
rier layer, chromium diffusing into the cladding layer from the alloy and nickel
diffusing into the alloy from the cladding layer. Some tungsten diffusion into the
alloy from the barrier is also apparent. Although it is felt that diffusion was
favored by the discontinuities in the tungsten, microprobe analysis made on a
crack-free sample of System 1b (I-17) showed some transfer of material across the
barrier layer. The depth of penetration was less, however. Nickel was detected
about 1 mil into the chromium alloy. Tungsten was detected to 3/4 mil., Aluminum
distribution was also examined using a more sensitive microprobe instrument. Except
for trace indications in intermetallic~like inclusions near the cladding surfaces,
no aluminum was detected in the cladding alloy. A cyclically oxidized sample of
System 11 (XI-~1) was also examined using the microprobe, This sample was cracked,
but not too severely, The traverse was made in a crack-free area. Nickel was not-
detected in the chromium alloy (a 1.5-mil barrier layer of tungsten was present)
and the chromium depletion near the barrier was small and extended only about 0.5
to 0,75 mils into the alloy.

A further indication of the contamination occurring in the substrate
through the barrier layer and its relationship to cracks in the barrier is shown
by the microhardness data given in Table 12, Two traverses were made for each
sample, one below a crack in the barrier layer and one below a crack-free region
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¥

in the barrier. Contamination is often evident about 3 times as deep below a crack
in the barrier as when the barrier is crack free, The rapid contamination which
occurs when no barrier is present is shown in the last column in this table, Con-
tamination exceeded a depth of 7 mils in this case,

Samples from Systems la, 4, and 5 were intentionally defected to deter=-
mine the ability of a defected cladding layer to protect the remainder of the sample.
Thirty-mil-wide saw cuts were made into the cladding to depths of 5, 7, and 10 mils.
One defected sample from each system was oxidized for 10 hours at 2100 F, A second
sample was oxidized for 10 hours at 2100 F, cooled to room temperature, and then re-
heated for an additional 40 hours at 2100 F, The appearance of the System 4 sample
after 50 hours at 2100 F is shown in Figure 29, The other systems behaved similarly,
It is apparent that the balance of the cladding was not seriously damaged by defect-
ing even when the defect penetrated into the chromium alloy, Metallographic exam-
ination of the defected samples showed up to 10 mils of oxidation of the barrier
layer when the defect penetrated to the barrier, System la showed the least damage
and System 5 the most, Little nitrogen contamination of the chromium alloy was
apparent, Metallographic examination of the region around defects penetrating into
the chromium alloy showed a small amount of pitting of the chromium alloy beneath
the defect and some slight surface cracking, However, microhardness measurements
made baneath the defected area after oxidation showed little change in hardness as
a result of oxidation,

Oxidation Resistance at 2300 F

The weight change and protection behavior of samples exposed to cyclic
oxidation at 2300 F are presented in Table 13, and photographs of representative
samples from each system are shown in Figure 30, Average weight changes for each

system are given in Table 14 grouping the samples according to exterior cladding
material,

During cyclic oxidation at 2300 F, all specimens developed gross defects
in the nickel-base claddings at locatios over the juncture between the substrate
and the picture frame, This was usually manifested in less than 100 hours, and
the severity of these defects varied from system to system. Whereas at 2100 F,
the presence of tungsten barrier layers at edges eliminated this type of defecting,
this technique was not effective at 2300 F, Usually tests were continued substan-
tially beyond the point where these defects were first noted, as (1) the major
cladding areas were still in good condition, and (2) this was considered a feature
of specimen design rather than system behavior, Thus, general behavioral observa-
tions such as spalling of oxide from unaffected cladding surfaces, oxide color and
character, and metallographic evaluation were more useful as tools of evaluation
than weight change measurements, The latter were in surprisingly good agreement
with general observations consider ing the gross problem of edge defecting. The
following comments are based on overall observations,

Unaluminized Ni-~30Cr-clad samples tended to spall heavily., System 3,
containing platinum, showed more extensive spalling than System 11, System 11
(platinum~free) developed a much darker appearing oxide, The aluminized Ni-30Cr-
clad samples tended to show a large weight gain. As shown in Figure 30, these
samples developed a fairly heavy oxide, The System 6 samples failed quite rapidly,
as illustrated in Figure 30, apparently by embrittlement of the cladding layer by
rhenium diffusion. In System 5 where platinum was present, samples did not show



FIGURE 29.
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APPEARANCE OF THE SURFACE OF A
SAMPLE FROM SYSTEM 4 (IV-11)
AFTER 50 HOURS OXIDATION AT 2100 F
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SUMMARY OF WEIGHT CHANGES DURING CYCLIC

OXIDATION AT 230C F

Compatibility Barrier

Weight Gain in

System Cladding Layer(l) Layer Layer(l) 100 hr, mg/cm2

Unmodified Ni-30Cr

11 1C mil Ni-30Cr - 1.5 mil W -2.15

3 Ditto 0.5 mil Pt 0,5 mil W ~-6,78
Aluminized Ni-30Cr

4 5 mil Ni-30Cr:5A1 0.5 mil Pt 0.5 mil W 14,0 in 80 hr

7 Ditto Ditto 1.0 mil W -1,03 to 10,84

8 " 1.0 mil Pt 0,5 mil W 13,0

6 " - 1.0 mil W-25Re Failed in <10 hr

5 u 0.5 mil Pt Ditto 8.67

Aluminized Ni~20Cr-20W

la 5 mil Ni-20Cr-20W:5A1 - 0.5 mil W 1.54 to 6,17

2a Ditto 0.5 mil Pt Ditto 1.92

1b " - 1.5 mil W 2.48 to 6,78

2b " 0.5 mil Pt Ditto 2,01

12 " Ditto 2 mil W-1ThOy ~1.41

10 " " 2 mil Mo 0.44

9 " 1 mil v 1.5 mil Vv Failed in <10 hr

(1) Alloy compositions and aluminum additions

given in weight percent,
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System la (I-6) System 1b (I-21) System 2a (II-5)
160-hr test, 20-hr cycles :

System 4 (IV-7)

. ’ System 5 (V=6)

System 6 (VI-7)
(oxidized 10 hours)

System 7 (VII-6)

FIGURE 30, APPEARANCE OF OXIDATION SAMPLES AFTER 100-HOUR CYCLIC
EXPOSURE AT 2300 F WITH 2-HOUR CYCLES (UNLESS NOTED
OTHERWISE) [( ) = sample number]
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embrittlement of the clad., As suggested in Table 14, these systems showed increas-
ing spalling as the oxidation time increased. The samples clad with aluminized
Ni-20Cr-20W showed weight gains that were significantly less than observed in the
aluminized Ni-30Cr and the oxides developed appeared thinner and less crusty.
Spalling began after a reasonably short time such that within 200 hours the weight
gain was normally less than that observed at the end of 100 hours, The onset of
spalling was rather variable and may reflect small differences in aluminum content.
The presence of platinum in Systems 2a, 2b, 10, and 12 appeared to result in more
reproducible weight changes among duplicate samples as compared to the platinum-free
systems, la and 1b, As shown in Figure 30, platinum did not have a large effect on
the appearance of the oxidized samples clad with aluminized Ni-20Cr-20W. Vanadium
in System 9 resulted in the formation of a molten oxide and early sample failure.

A barrier layer of molybdenum did not result in any major change in surface appear-
ance after oxidation at 2300 F as can be seen by comparing Systems 10 and 12 in
Figure 30, » ' ’

Metallographic examination of the samples after cyclic oxidation at 2300 F
showed extensive cracking, pitting, and interdiffusion at the junction between clad~
ding and alloy. Figure 31 shows the structure of a System lb sample after 240 hours
oxidation at 2300 F., Reaction product is visible on both sides of the tungsten bar~
rier which shows extensive cracking. Severe contamination of the chromium-base
alloy for some depth below the interface is also present.

Several of the samples were examined to determine the effects of exposure
time and cycle frequency on the depth of contamination, crack frequency, and other
microstructure changes. These results are presented in Table 15. Both the System
1b and 2b samples showed a progressive loss of barrier with time. The presence of
platinum appeared to accelerate the rate of barrier solution. Pitting and contam-
ination also increased with time of exposure., As shown in Figure 32, both Systems
1b and 2b showed about the same rate of contamination, ;he depth of contamination
increasing with time according to the relationship dtl2, The rate of pit growth
appears to be more rapid in System 2b than in System 1b, although the time required
for pits to form is apparently greater in System 2b than 1b. As was observed after
cyclic oxidation at 2100 F, the spacing of cracks in the tungsten barrier layer is
at least partially related to the number of cycles, However, contamination was
quite uniform and did not appear related to the number of cracks. It is possible
that if no cracks were present, contamination would have been somewhat reduced.
Interface separation was quite extensive with longer exposures, No significant
differences existed between Systems 1b and 2b in this respect., Both Systems 11 and
12 developed fewer cracks in the barrier layer than might have been expected from
the results observed for Systems 1b and 2b, The contamination rates were about the
same, however., Of particular note is the resistance of the W-1ThOy barrier to solu-
tion in System 12,

The appearance of the interfacial region of four samples after 100 hours
cyclic exposure at 2300 F is shown in Figure 33, Differences in appearance in the
contamination region probably reflect differences in type and level of contamina-
tion, The System 10 sample showed extensive fragmentation in the molybdenum barrier
region, This is attributed to extreme embrittlement of the barrier layer by diffu-
sion, The extensive pitting observed in System 2b is also readily apparent,
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Ni alloy

Barrier

Cr alloy

100X 5B230

Ni alloy

Barrier

Cr alloy

500x 5B231

FIGURE 31. MICROSTRUCTURE OF SYSTEM 1b SAMPLE AFTER
CYCLIC OXIDATION FOR 240 HOURS AT 2300 F
USING 20-HOUR CYCLES (I-20)

Electrolytic oxalic acid etch.
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Ni alloy
Barrier

Cr alloy

100x System 2b (II-22) 58219

Ni alloy

Barrier
Clad separation

Cr alloy

100x : System 12 (XII-5) 5B228

FIGURE 33. APPEARANCE OF SAMPLES AFTER CYCLIC OXIDATION
AT 2300 F FOR 100 HOURS USING 2-HOUR CYCLES

‘Electrolytic oxalic acid etch,
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Ni alloy

Barrier

Cr alloy

100X System 10 (X-3) 5B220

Ni alloy

Cr alloy

100X

System 11 (XI=-2)

5B224
FIGURE 33. (continued)
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Barrier layer solution at 2300 F apparently was a major factor in the poor
behavior of certain systems. The W-25Re barrier used in Systems 5 and 6 was rapidly
dissolved as shown in Figure 34, Thinner tungsten barriers were also completely
dissolved as shown in Figure 35. It is apparent that the maintenance of an effec=
tive barrier layer during cyclic oxidation is a major problem. The present work
suggests that a W-1ThOp barrier may be necessary to insure that solution does not
occur during exposure periods of several hundred hours. Since the platinum com-

patibility layer appears to accelerate solution of the tungsten, this layer is pro-
bably undesirable,

Nitriding was observed in all samples cyclically oxidized at 2300 F for
100 hours or more. The amount of nitriding appeared to be heaviest near the surface,
but was present at grain boundaries and as needles within the grains throughout the
sample thickness, The appearance of the nitriding is shown in Figure 36, Analysis

for nitrogen was made on several samples oxidized at 2300 F. The results are listed
below:

Sample Time at Nitrogen
System  Number 2300 F, hr Content, ppm

Base - None 50

1b 1-21 160 1800
10 X3 100 570
11 XI-2 100 2200

It is obvious that serious contamination is present. At least part of the nitrogen
contamination may result from edge or corner defects. However, as shown in Figure
37, it appears that the nitriding from this source is limited to the vicinity of
the edge and corner tears. Thus, the present results suggest that the metallic
cladding systems are not adeguate to prevent nitrogen contamination at 2300 F,

Bend Evaluation

Bend tests were conducted according to MAB specifications as outlined
earlier, During bending, load-deflection curves were obtained, typical examples
of which are shown in Figure 38, TFour general types of behavior were observed
which may be described with reference to Figure 38. 1In Type 1 load-deflection
curves, complete sample failure occurred upon crack initiation. The amount of
deflection before failure varied appreciably, however. In Type 2 curves, the sam-
ple withstood significant bending after initial cracking, before final failure.
Type 3 curves were similar to Type 2 except that the samples did not fail within
the limiting deflection possible in the equipment.* Type 4 curves represent the
bend behavior of a completely ductile sample, The bend angles were calculated from
the load-deflection curves assuming no elastic deformation in the sample. The
angle for initiation of cracking and for final failure, as well as the type of load-
deflection curves, are reported to describe the bend behavior of the materials eval-
uated,

*More recent work has indicated that load-deflection curves similar to the Type 3
curves can result from sticking of the sample against the bend equipment as well
as from minor surface cracking, Therefore, the exact interpretation of the load-
deflection curves where minor irregularities occur is in doubt.
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Ni alloy

Barrier

Cr alloy

500X As polished 6A051

FIGURE 34, SOLUTION OF W-25 WEIGHT PERCENT Re
' BARRIER IN A SYSTEM 5 SAMPLE CYCLIC-
ALLY OXIDIZED FOR 10 HOURS AT 2300 F
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Ni alloy

Probable
original barrier

location

Cr alloy

-

ZSOX” (a) System 3--200-hour exposure (III-7) 6A696

Ni alloy

Barrier

Cr alloy

250X 8A781
(b) System 7-~100-hour exposure (VII-6)
FIGURE 35, SOLUTION OF 0,5-MIL TUNGSTEN

BARRIER DURING CYCLIC OXIDATION
AT 2300 F
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Ni alloy

Barrier

Cr alloy

100X 5B216

500X (from region well below surface 5B217
contamination shown above)

FIGURE 36, NITRIDING OF A SYSTEM 1b SAMPLE CYCLICALLY
OXIDIZED 40 HOURS AT 2300 F (I-22)



FIGURE 37, NITRIDING IN A SYSTEM 1b SAMPLE
CYCLICALLY OXIDIZED 40 HOURS AT 2300 F

Electrolytic oxalic acid etch.
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As a means of checking out the equipment, several unclad chromium samples
were tested, These samples showed either Type 1 or Type 4 load-deflection curves.
Samples were tested either as received, after recrystallization at 2100 F, or after
oxidation for 2, 10, and 25 hours at 2100 F, The results of the bend tests on the
unclad chromium-5 tungsten material are shown in Table 16. Both the as-received
and recrystallized material showed a transition from ductile to brittle behavior
between 500 and 600 F, A value of 440 F was reported by the supplier (see Table 2)
which is in reasonable agreement with the present results considering the small
number of samples tested and probable differences in specimen preparation. The
recrystallized material appeared to have a slightly lower transition temperature
than the wrought as-received material which was contrary to expectations., As anti-
cipated, oxidation at 2100 F increased the ductile~brittle transition quite signi-
ficantly, For times up to about 25 hours, the transition temperature appeared to
inc;ease linearly with the square root 07 oxidation time at 2100 F (DBIT = T, +
kel 2, with Tp = 550 F and k = 150 F/hr1 2). The samples showed either Type 1 or
Type 4 load~deflection curves, and failure occurred at low bend angles in brittle
material, '

A number of clad samples were oxidized at 2100 F using 20-hour oxidation
cycles in preparation for bend testing, The oxidation behavior of these samples is
given in Table 17, As observed previously during examination of oxidation behavior,
a significant amount of variability in weight gain results were observed. Bend
properties of these samples are given in Table 18, Because of the poor bend proper-
ties observed, not all samples which were oxidized were bend tested, The ductile~
"brittle transition temperature of all systems examined was degraded by cyclic oxi-
dation at 2100 F, This undoubtedly is traceable to the metallic contamination of
the chromium~5 tungsten alloy which occurred during cyclic oxidation by diffusion
of cladding material through the tungsten diffusion barrier. A further indication
that this is the case is the frequency of Type 2 and 3 load-deflection curves shown
in Table 18, These curves are believed to be the result of early surface cracking
followed by crack arrest in the more ductile matrix. The microstructure of a bend
sample showing the Type 3 load-deflection curve is shown in Figures 39 and 40, It
can be seen that cracks are originating at the barrier layer:chromium alloy inter~
face, but not progressing too deeply into the chromium alloy. Deformation is evi-
dent in the chromium alloy, reflecting its basic ductility.

Since some ductility must be present for observation of Types 2 and 3
load-deflection curves, it is possible to obtain an approximate indication of the
relative ductility of the various cladding systems by noting the transition from
Type 1 to Type 2, 3, or 4 load-deflection curves. A tabulation of the location of
the ductility transition is presented below.

Ductility
Oxidation Transition
System Time, hr Temp,, F
la 100 1000-1200
1b 300 1200-1400
2a 100 1000-~1200
2b 300 1400-1600
3 100 800-1000
4 100 1400-1600
5 100 1500-1600
6 100 >1600
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TABLE 16, BEND PROPERTIES OF CHROMIUM~5 WEIGHT PERCENT TUNGSTEN ALLOY
: (Heat 64-100)

Bend Angle Type of Load-

Bend {degrees) Deflection
Condition Temp., F at Failure Curve
As~-received 500 <10 1
600 >100 4
Recrystallized at 2100 F 500 70 1
for 2 hours 600 >100 4
Oxidized 2 hours at 600 <10 1
2100 F 800 >100 4
1000 >100 4
Oxidized 10 hours at 1000 <10 1
2100 F 1100 >100 4
1200 >100 4
Oxidized 25 hours at 1100 <10 1
2100 F 1200 >100 4

(1) Load-deflection curves are illustrated in Figure 38, .
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TABLE 18. BEND TEST RESULTS FOR SAMPLES CYCLICALLY OXIDIZED AT 2100 F

Bend ' Type of Load-
Sample Oxidation  Temp,, Bend Angle (degrees) at Deflection
System Number Time, hr F Crack Initiation Failure Curve(3)

la I-10 100 700 <10 <10 1
-14 " 1000 30 30 1
-13 " 1200 45 75 2
-12 " 1400 45 45 1
-11 " 1600 30 30 3
1b 1-28 300 1000 <10 <10 1
~29 n 1200 15 15 1
~30 n 1400 30 45 2
~31 " 1600 50 >100 3
2a TI-11 100 75 <5 <5 1
~-16 n 800 10 10 1
-15 " 1000 55 55 1
-14 " 1200 30 >110 3
~-13 " 1400 45 >110 3
-12 " 1600 50 90 2
2b II-30 300 1000 <5 <5 1
-31 " 1200 <5 <5 1
~32 " 1400 30 30 1
-33 " 1600 40 >105 3
~49(1) 600 800 <5 <10 1
3 I111-~13 100 800 10 10 1
~-12 " 1000 >110 >110 4
-8 " 1000 <30 2y -
=11 " 1200 30 >105 3
~10 " 1400 65 65 1
~9 " 1600 50 >120 3
4 Iv-13 100 1200 <5 10 2
~16 " 1200 <10 <10 1
-15 " 1400 20 20 1
~14 " 1600 >105 >105 4
5 vV-12 100 1400 <10 <10 1
-10 n 1500 <10 <10 1
-11 " 1600 20 85 2
6 Vi-9 100 1400 <5 20 2
-8 " 1600 30 30 1

(1) Sample tested without removing picture frame,
(2) Test halted at 30 degrees,

(3) See Figure 38 for illustration of four types of curves,
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(a)

(b) .

25X 1B556
FIGURE 39, MICROSTRUCTURE OF BEND SAMPLE II-14

System 2a, oxidized 100 hours at 2100 F
and bend tested at 1200 F,
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Ni alloy
—————Barrier

Cr alloy

Ni alloy

Barrier

Cr alloy

d
; ~ i i
250X (b) Cracked region 1B563

FIGURE 40, STRUCTURE OF TENSION SIDE OF BEND SAMPLE
II-14 (see Figure 39)
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Examination of Table 18 shows that there is some question about the exact placement
of the ductility transition. This is believed to result from slight differences
between supposedly similar samples, The above listing is believed to represent a
reasonable interpretation of these data but must be examined with caution,

These data suggest some conclusions regarding the relative bend ductility
of the various cladding systems. Platinum, for example, was present in Systems 2a,
2b, and 5 but not in Systems la, 1lb, or 6, Systems la and 2a, oxidized for 100
hours, appear to behave similarly although, as seen in Table 18, System 2a is
slightly more ductile than System la, System 2b is inferior to System 1lb after
300 hours' oxidation, and System 6 is inferior to 5 after 100 hours' oxidation.
Since these three pairs of cladding systems were similar except for the presence
of platinum, it appears that platinum has no consistent effect on bend ductility
after oxidation exposure at 2100 F, Systems 2a, 3, and 4 are similar except for
the outer cladding layer, aluminized Ni-20Cr-20W in System 2a, unmodified Ni-30Cr
in System 3, and aluminized Ni-30Cr in System 4. It appears that System 4 is
considerably inferior to the other two with respect to bend ductility after cyclic
oxidation at 2100 F. System 3 appears slightly superior to System 2a, but a close
examination of the data in Table 18 indicates that the difference between the bend
ductility of these two systems after cyclic oxidation at 2100 F is small,

It was considered possible that the poor bend ductility observed in the
samples oxidized at 2100 F might be due to cracking introduced into the samples
during removal of the Ni-30Cr picture frame assembly and grinding of the sample
edges, One sample, II-49, was, therefore, bend tested at 800 F without removal of
the picture frame assembly, As shown in Table 18, this sample also failed in a
brittle manner, This indicates that brittle failure was most probably the result
of damage occuring during oxidation exposure rather than sample preparation,

Comparison of the rate of degradation of the bend transition temperature
by oxidation at 2100 F of unprotected and clad Cr-5W is tenuous because of the
limited data, Nonetheless, such a comparison indicates, as shown in Figure 41,
that even lacking a cladding system that maintains its integrity in cyclic oxida-
tion exposure, the (parabolic) rate of degradation in clad systems appears to be
roughly 1/3 that of unprotected chromium, This presumably relates to the difference
between contamination by nitrogen versus contamination by cladding metals,

Oxidation data for samples exposed at 2300 F are given in Table 19 and
the results of bend tests on these samples are given in Table 20, Again, because
of the poor bend ductility observed, not all samples which were oxidized were bend
tested, All of the systems examined after cyclic oxidation at 2300 F showed very
poor bend properties, As pointed out in the previous section, cyclic oxidation at
2300 F resulted in both severe metallic contamination, up to 6 mils in 100 hours,
and general grain boundary nitriding throughout the chromium alloy thickness. Of
the four systems evaluated, System 10 appears to have withstood exposure at 2300 F
the best, This system appeared to have nitrided less severely than the others
based upon metallographic examination and analysis for nitrogen. However, it is
believed that this was due primarily to early separation of the cladding from the
chromium alloy caused by embrittlement of the barrier region, which probably re-
duced the extent of metallic contamination of the chromium alloy. The use of
System 10 to protect chromium at 2300 F is not considered practical,
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Exposure Time, hours

0 25 100 125 400 625
1200
/
6
1000 5 v4
) 4
" 4 O 2b /
7
‘é 800 ] : /
K / 7 Qb
5 Unclad /
= Cr-5W /
g / / More promising
= 600 &0, s~ clad Cr-35W
b= / of1 systems
g { a
£
@ //O 3
g 400 / 7 ~
g /
) /ly /
/
/ ‘/ Note: Bend transition of
200 / clad Cr- 5W assumed to
/ /' be 550 F, the same as that
P of unclad Cr—5W
//
; /
o
0 5 0 15 . 20 25
Exposure Time , hours‘/2 A-57366

FIGURE 41. CHANGE IN BEND-TRANSITION TEMPERATURE AS A
FUNCTION OF TIME OF OXIDATION EXPOSURE AT
2100 F

Numbers beside closed points indicate cladding system.



86

TABLE 19, OXIDATION BEHAVIOR OF BEND SAMPLES OXIDIZED AT
2300 F USING 20-HOUR CYCLES

Sample Oxidation

Weight Gain,

System  Number Time, hr mg/ cm Comments
la Not tested
1b Ditto
za 1
2b II-36 120 2,53
-39 " 3.10
=40 " 2,63
=41 " 2,67 Fracture at cladding:picture frame
on one end,
~49 " 2,32
=51 " 2,00
-29 200 3.11 Extensive fracture along cladding:
picture frame junction,
-34 " 2,59 . Ditto
_35 1} ] 3.84 it
-37 " 3.72 "
~38 " 3.86 "
=42 " 0.94 "
2¢ Not tested
3 Ditto
4 it
5 11
6 n
7 1"
8 1
9 "
10 X=1 80 -0.69 Severe blistering occurred.
-2 100 0.86 Some blistering.
-5 " 1,63 Slight blistering.
11 XI-3 " ~-0.95
-4 " 0.93
-5 " -0,03
12 XII-1 " 2,00 Fracture at cladding:picture frame
on one end.
-2 " 1.51
-3 " 1.35 Ditto
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TABLE 20, BEND TEST RESULTS FOR SAMPLES CYCLICALLY OXIDIZED AT 2300 F

Type of Load-

Sample Oxidation Bend Bend Angle (degrees) at Deflectipn
System  Number Time, hr Temp., F Crack Initiation  Failure Curve
2b II-51 120 1400 <5 <5 1
~-36 " 1600 <5 45 2
-38 200 1400 <5 <5 1
-37 " 1600 15 15 1
10 X2 100 1400 <10 35 2
=5 " 1600 10 40 2
11 Xi-4 " 1200 <5 <5 1
-3 " 1600 25 60 2
12 X11~-1 " 1400 <5 <5 1
-2 " 1600 20 45 2

(1) See Figure

38 for an illustration of the four types of load-deflection curves.
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System 9 was known from the oxidation studies to have very poor oxidation
resistance. Therefore, the bend samples from this system were evaluated without any
oxidation exposure, The results are summarized below:

Sample Test Bend Angle (degrees) for

Number Temp., F Crack Initiation Failure

IX-5 800 <5 <10
-2 1000 25 25
-4 1200 25 25

All samples showed Type 1 load-deflection curves., Vanadium, used as a compatibility
layer in this system, is apparently extremely damaging to ductility, Embrittltment
resulted from the thermal treatments required for aluminizing and homogenizing the
cladding system alone even with no oxidation exposure.

An illustration of the relatively low ductility observed during bend
evaluation is given in Figure 42 which shows the type of cracking observed in
several oxidized samples tested at 1600 F and one unoxidized sample tested at 1000 F,
The two samples tested after 2100 F oxidation exposure show some ductility, System
1b being more ductile than System 2b, Very limited ductility was observed in the
samples tested at 2300 F, however,

The poor bend ductility observed in the clad chromium alloy samples after
cyclic oxidation at 2100 F is attributed to contamination during exposure., At
2100 F, contamination is largely the result of metallic diffusion between the clad-
ding materials and the chromium alloy, It is believed that contamination is occur~-
ing more rapidly through the cracks developed in the tungsten barrier layer.
The cracking of the barrier layer is attributed to low cycle thermal fatigue result-
ing from thermal expansion mismatch between the cladding layer and picture-frame
nickel-base alloys, which have high expansion coefficients, and the tungsten barrier
layer and chromium alloy sample which have low expansion coefficients, This problem
should be reduced by eliminating the reasonably massive nickel alloy picture frame
and improving the properties of the barrier layer. A thicker tungsten barrier layer
might also be beneficial,.

DISCUSSION OF RESULTS AND CONCLUSTIONS

None of the cladding systems examined appeared capable of protecting
chromium alloys from oxidation or nitrogen embrittlement during cyclic oxidation at
2300 F. Although aluminized Ni-30Cr and Ni-20Cr-20W alloys are sufficiently resis-
tant to oxidation to be useful as 5-mil~thick cladding layers, severe nitrogen con-
tamination of the chromium alloy occurred. Unaluminized Ni-30Cr has useful oxida-
tion resistance as a 10-mil-thick cladding layer but similarly did not protect the
substrate from nitrogen contamination., Nitrides were visible throughout the samples,
Also, metallic contamination of the oxidized chromium alloy sample extended to a
depth of about 7 mils in 100 hours and appeared to be increasing linearly with time
to the one~half power. Contamination was apparently occurring by diffusion of some
cladding component through the barrier layer. Nickel is suspected to be the diffu-
sing element,
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Sample No, I-31 I1-33 1II1-36 II-37 IX-2 X~5 XI-3 XI1-2
System 1b 2b 2b 2b 9 10 11 12
Oxid, Temp,, F 2100 2100 2300 2300 - 2300 2300 2300
Oxid, Time, hr 300 300 120 200 - 100 100 100
Bend Test 1600 1600 1600 1600 1000 1600 1600 1600
Failure Type 3 3 2 1 1 2 2 2

(see Figure 38)

FIGURE 42, PHOTOGRAPH OF SEVERAL BEND SAMPLES AFTER TESTING



90

Perhaps more surprising, none of the systems examined was useful under
cyclic conditions at 2100 ¥, although the extent of damage to the base metal was
considerably less than that observed at 2300 F, No nitrogen contamination was
observed, but metallic contamination extended about 2 mils in 100 hours, Again,
a linear rate of contamination with time to the one-half power was observed. In
this case, also, diffusion through the barrier layer was apparently the origin of
contamination,

It is obvious from these studies that nickel-base alloys can adequately
protect chromium~base alloys from oxidation at 2300 F and from both oxidation and
nitrogen contamination at 2100 F, However, contamination of chromium~base alloys
by nickel is quite rapid at both temperatures and the cladding layer must be kept
away from the chromium alloy by a suitable barrier layer. If this is not done, the
alloy is embrittled quite rapidly by metallic contamination. Void formation in
the chromium, apparently as a result of chromium diffusion into the nickel-base
alloy, also is a problem,

The bulk of the systems examined in this study contained a tungsten bar-
rier layer. It was found that tungsten was dissolved into both the nickel-base
cladding alloy and into the chromium alloy. At 2100 F, the solution rate was quite
slow except in those systems containing a platinum compatibility layer between the
cladding and barrier layer. At 2300 F, the solution rate of the barrier layer was
such that within 200 hours the 0,5-mil-tungsten barrier was largely consumed when
a platinum compatibility layer was present, and significantly reduced in thickness
even in the absence of platinum. In addition, the tungsten barrier layer was found
to develop cracks during cyclic oxidation testing. Thermal fatigue from the cyclic
exposure is suspected, The amount of cracking appeared to be related to the number
of cycles, and uncycled samples were generally crack free. Increasing the tungsten
barrier layer thickness from 0.5 mil to 1.5 mil thickness did not appear to alter
the amount of cracking significantly, and bend properties at 2100 F were unaffected
by this change.

Several alternate barrier layer materials were examined. A tungsten~25
rhenium barrier was studied with the hope that the improved ductility of this alloy
might reduce the cracking tendency. Unfortunately, the tungsten~rhenium alloy was
found to dissolve very rapidly into the cladding alloy, and failure occurred by
this mechanism., A thoriated tungsten alloy was examined with the aim or retarding
cracking by improving the strength, increasing the recrystallization temperature,
and providing an overlapped bamboo, rather than equiaxed, grain structure in the
barrier layer. Only a limited number of samples were prepared, and, unfortunately,
based on present knowledge, this system also contained platinum, The amount of
cracking was less than half that observed in the most similar system with an un-
alloyed tungsten barrier (System 2b), Contamination rates were reduced at 2100 F
by about 50 percent. At 2300 F, although the amount of cracking was less, the depth
of contamination was not significantly changed, nor was bend ductility after cyclic
oxidation improved., A molybdenum barrier layer was also examined briefly in a clad-
ding system containing both aluminized Ni-20Cr-20W and a platinum compatibility layer.
Almost complete fragmentation of the barrier material occurred during both 2100 and
2300 F cyclic oxidation exposure, apparently the result of interdiffusion between
nickel and molybdenum,

As already indicated, a platinum compatibility layer between the cladding
alloy and tungsten barrier layer was not beneficial, and greatly increased the solu-
tion rate of the tungsten barrier layer., A vanadium compatibility layer was exam-
ined, but also was found to be unattractive. Vanadium diffused through the cladding
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layer and resulted in greatly accelerated oxidation of the cladding. Neither
material appears worthy of further consideration,

Despite the failure to protect chromium-base alloys from oxidation and
embrittlement during cyclic temperature exposure to oxidizing conditions, the pre-
sent work has apparently defined the principal problem area, This is the mainte~
nance of an intact barrier layer between the cladding alloy and the chromium alloy
to prevent interdiffusion and embrittlement of the chromium alloy. However, other
factors may also be contributing to the embrittlement observed in the material ex-
posed to cyclic oxidation at 2100 or 2300 F. These include thermal instability of
the Cr~5W alloy, embrittlement from the small amount of tungsten dissolved in the
chromium alloy during exposure, and damage to the material accompanying bend sample
preparation after cyclic exposure.

The present work has shown that the gas~pressure bonding method can be
used to provide multi-layer metallic claddings on chromium~-base alloys. All of
the systems examined could be bonded successfully. In order to firmly establish the
basis for substrate embrittlement and to attempt to define the extent to which each
of the possible causes was effective, further work was performed, These studies
are described in the Specialized Studies section which follows.

SPECIALIZED STUDIES

As indicated in the preceding section, several possible mechanisms for
system embrittlement were uncovered in this investigation, The extent of each of
these appeared to be resolvable with relatively small amounts of additional study.
Thus, such studies were suggested by NASA and were performed as part of an expan-

sion of the original program. They are described below.

Improved Methods of Sample Preparation

The chromium alloy samples prepared in the initial program were surface
ground to provide a smooth surface and were enclosed in a nickel-30 weight percent
chromium alloy yoke which had to be removed by cutting and grinding before bend
tests could be performed, As a result of the marked brittleness of the chromium-
tungsten alloy near room temperature, both of the operations could have produced
microcracks in the specimen surface. These microcracks, if present, would be
expected to be quite harmful to bend ductility, It was decided to prepare a limited
number of System 1b samples by an alternate technique to determine if grinding or
cutting cracks were contributing to poor bend ductility. Thus, chromium-tungsten
alloy samples were prepared by electropolishing and the electropolished samples
were subsequently clad using a wrap-around technique., The wrap~around procedure
eliminated the yoke structure and permitted bend testing of the samples after oxi-
dation exposure without any further cutting or grinding of the sample edges,

The samples used in these studies were prepared from chromium alloy Lot
67-100, The analysis and bend properties of this material are given in Table 2,
This material had a somewhat lower bend transition temperature in the longitudinal
direction than material from Lot 64-100 which was used in preparing all previous
System 1b samples but a higher transition temperature in the transverse direction.
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Preliminary investigation showed that a very good surface could be pro-
duced by removing approximately 3 mils per side by electropolishing. The compo-
sition of the electropolishing bath and its operating conditions are given in
Table 21, Surface roughness was significantly reduced by the electropolishing
operation as shown below:

Direction of Surface Roughness,

Sample Condition Measurement microinches

As-received Longitudinal 60~75
Transverse 80-100

Electropolished Longitudinal 18-35
Transverse 22-50

No mechanical surface preparation of the as-received material was required before
electropolishing,.

To insure that the electropolishing treatment was not in some way harmful
to bend properties, several chromium-tungsten alloy bend samples were electropol-
ished and tested to determine their ductile~bri ttle bend transition temperature.
The edges of the 3/4 x 3-1/2-inch bend samples were rounded by hand polishing on
400-grit paper prior to electropolishing., The results of these tests are presented
in Table 22, $Since the transition temperature was less than 300 F in these tests,
as compared to a value of 300 F reported by the material supplier (Table 2), it
appears that electropolishing is not harmful to the transition temperature and may
actually be somewhat beneficial, a situation typical of the Group VIA bcc metals,

The wrap~around technique used to prepare clad samples is shown in Fig-
ure 43, The chromium alloy samples were very carefully hand ground to provide a
generous end radius and to round the edges prior to electropolishing. After elec~
tropolishing, the samples were inspected using dye-penetrant methods to insure that
the chromium alloy was crack free, Only completely crack-free samples were used.
The tungsten barrier layer was cut slightly larger than the sample and tack-welded
in place. The nickel-chromium~tungsten cladding alloy was cut at least 1/8-inch
larger than the barrier layer., The cladding assembly was then enclosed in a steel
envelope, using molybdenum foil for protection against iron contamipation, and gas~
pressure bonded. Gas~pressure bonding was accomplished at 2150 F using a 10,000
psi pressure applied for 2 hours. Aluminizing and homogenizing techniques were
identical to those used in the initial work. Aluminum weight gain data are given
in the Appendix, Table A-1,

Samples of System 1lb were oxidized for 100 hours at 2100 F using 20-hour
oxidation cycles before bend tests were performed, The average weight gain of the
five samples which were oxidized was 0.83 mg/cm?, in good agreement with the weight
gain observed in previously exposed System 1b samples (see Table 9).

Bend test data for samples clad with System 1b (1.5 mil tungsten, 5 mils
Ni-20Cr-20W alloy aluminized to provide about 5 weight percent aluminum) using the
wrap-around technique are given in Table 23. As shown in Table 23, the transition
temperature was between 1300 and 1400 F, The System 1b samples prepared in the pre-
vious studies and exposed to cyclic oxidation for 300 hours at 2100 F showed a tran-
sition temperature between 1200 and 1400 F (see Table 18), Partial ductility was
measured at 1400 F in the tests reported in Table 18, whereas the new samples showed
complete ductility at 1400 F, This difference can probably be attributed to the
difference in oxidation time, 300 hours versus 100 hours. It was not necessary to
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TABLE 21, ELECTROPOLISHING BATH USED TO
PREPARE CHROMIUM ALLOY SAMPLES

Bath Composition

Constituent Amount by Weight
Sulphuric Acid 60 percent
Ortho-Phosphoric Acid 20 percent
Citric Acid 10 percent
Water 10 percent

Bath Operating Conditions

Current Density 2 amps/in?
Temperature Range 140-160 F
Rate of Chromium

Alloy Removal 0.1 mil/min,

Cathode Material Stainless Steel
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TABLE 22, BEND PROPERTIES‘OF ELECTROPOLISHED
CHROMIUM~5 WEIGHT PERCENT TUNGSTEN

ALLOY FROM LOT 67—&89 (Bend axis in
rolling direction)

Type of Load~

Bend Bend Angle (degrees) Deflection
Temp., F at Failure Curve(2)

750 >100 4

660 >105 4

500 >105 4

435 >110 4

300 >100 4

(1) DBTIT of as-received material was 300 F with
bend axis in rolling direction; 600 F with
bend axis transverse,

(2) See Figure 38 for an illustration of the
four types of load-deflection curves.
Although the load~deflection curves re-
sembled Type 3 curves to some degree, dye-
penetrant inspection of the surface after
testing showed no cracks to be present,
Therefore, Type 4 ratings were assigned.
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ungsten barrier

Chromium alloy ) i

a. Drawing of the Wrap—Around Sample Construction;
Entire Assembly Enclosed in: Evacuated Steel
Envelope for Gas-Pressure Bonding

b. Photograph of Sample After Gas-Pressure Bonding
and Removal of Steel Envelope

ILLUSTRATION ON THE WRAP-AROUND CLADDING TECHNIQUE
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TABLE 23. BEND PROPERTIES OF SYSTEM 1lb-CLAD SAMPLES

(PREPARED BY THE WRAP-AROUND TECHNIQUE) AFTER
CYCLIC OXIDATION FOR 100 HOURS AT 2100 F

Type of Load-

Sample Bend Bend Angle (degrees) at Deflection
Number Temp., F Crack Initiation Failure Curve(l)
1b=-6 1200 <15 <15 1
16-1(2) 1200 - - -
1b~4 1300 20 20 1
1b-5 1400 >110 >110 4

(1) See Figure 38 for an illustration of the four types of
load~deflection curves.

(2) Specimen was broken during preparation for testing,
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remove any edge material before bend testing. Thus, the possibility of introducing
microcracks into the chromium alloy was eliminated. Therefore, the poor bend duc-
tility of oxidized System 1b observed in the initial investigation was not related
to microcracks developed in the chromium alloy during either initial surface pre-

paration of the chromium alloy or the edge grinding of bend test samples after oxi-
dation exposure,

The microstructure of a System lb sample prepared by the wrap-around
technique is shown in Figure 44, Excellent bonding was achieved, Some recrystal-
lization was observed in the tungsten barrier layer at the tungsten:nickel alloy
interface, No other evidence of diffusion between cladding components was seen,
The microstructure after 100 hours' cyclic oxidation at 2100 F is shown in Figure
45, Comparison with Figure 23 shows considerable similarity in appearance of the
cladding layer. Although a few cracks were visible in the barrier layer, there was
no surface cracking apparent in the chromium alloy when the cladding and barrier
layer were stripped off the sample,

The new samples showed a noticeable difference in tungsten barrier layer
appearance from one side to the other, One side (Side 2 in Figure 45) appeared to
show extensive recrystallization, whereas the other side (Side 1) did not, Occa-
sional patches of what appeared to be recrystallized grains were apparent on the
side that retained the predominantly fibered grain structure. Microhardness read-
ings were made on both sides at the locations shown in Figure 45 with the following
results:

Knoop Hardness Number, 25-gm load

Location Side 2 (Recrystallized W) Side 1 (Wrought)

Aluminized Ni Alloy

Cladding (range) 280-540 240-420
W Barrier (4 typical

readings) 560,570,560,542 552,552,552,552
Cr-5W Substrate A

0.2 mil from W 315 357

0,6 Ditto 475 285

1.0 " 310 330

1.4 " 335 392

1.8 " 335 300

2,2 " 335 288

2,6 " 330 -

3.0 " 335 -

5.0 " 300 292

7.0 " 300 -

9.0 " 292 -

These data, although not conclusive, suggest the possibility of mild contamination
hardening to a depth between 3 and 5 mils (7 and 12 microns) in the substrate
beneath the recrystallized tungsten. Hardening is negligible by comparison under-
neath the wrought tungsten layer. Recrystallization of the tungsten layer was not
accompanied by a gross decrease in hardness, Retention of a fibered grain structure
appears to increase the effectiveness of tungsten diffusion barriera in System 1b.
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The variatinons in nickel, tungsten, and chromium contents on the two sides
of this sample were determined by microprobe analysis, The composition changes
through the barrier layer are shown in Figure 46, Both barrier layers showed a
high chromium content, 4 weight percent, which is about the solubility limit of
chromium in tungsten at 2100 ¥, A higher chromium content was observed near the
nickel alloy:barrier layer interface, a maximum of 5 weight. percent on the wrought
side and 8,3 weight percent on the recrystallized side. The chromium gradient near
the nickel alloy:barrier layer interface suggests that chromium was being picked up
from the nickel-base alloy., However, alternate interpretations are possible, 1In
these additional studies no significant loss in chromium was detected in the chro-
mium alley in the area immediately below the barrier:alloy interface. 1In earlier
studies (see Figures 27 and 28), an obvious decrease in chromium content was ob-
served in the chromium alloy adjacent to the barrier, The failure to observe a
similar effect with the refabrication may be a result of the thicker barrier and
shorter oxidation time, Both factors would reduce the amount of material transfared,
e snall increase in chromium content of the nickel-base alloy near the barrier as
observed in the present study is in agreement with the. results of the earlier studies.

Nickel contamination was also observed in the barrier layer near the clad-
dingsbarrier interface. Higher concentrations of nickel were observed at the inter-
faces in the wrought side, 5.0 weight percent, as compared to 1.9 weight percent
in the recrystallized side, However, nickel was detected throughout the barrier
layer and well into the chromium alloy (~4 mils deep, substantiating hardness tra-
verse results) on the recrystallized side, but only near the nickel alloy:barrier
layer interface on the wrought side., WNickel contents as high as 1.5 weight percent
were measured in grain boundaries of the chromium alloy beneath the recrystallized
barrier layer. The analysis also indicated a tungsten content of about 6 to 6,5
welght percent, higher than the nominal 4,90 weight percent anticipated. However,
no variation in tungsten content was detected from the interface to the maximum
depth examined, about 4 mils beneath the barrier layerschromium alloy interface.

Interdiffusion Between Cladding Components

Based on the above findings, the most probable cause of poor bend ductil=-
ity in the oxidized samples was believed to be diffusion of a contaminating element
into the chromium-base alloy from the barrier layer or the cladding alloy, Alternately,
it was considered possible that the barrier layer might be embrittled by contamina-
tion, and that it could serve as a source of cracks which would subsequently progress
into the chromium alloy, even if the alloy was not itself embrittled. The validity
of these assumptions could be checked quite readily by removing the cladding and
barrier layers, or by removing all of the cladding plus enough of the chromium alloy
to exceed the expected depth of contamination, before bend testing, Several samples
were available from the initial investigations which could be used in these studies.

Three systems were selected for study. These were:
System 1lb: 1-1/2 mil W:5 mil Ni-20Cr-20W:5 percent Al
System 2b: 1-1/2 mil W:1/2 mil Pt:5 mil Ni-20Cr-20W:5 percent Al

System 11: 1-1/2 mil W:10 mil Ni~-30Cr.
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These systems contained the major elements which were considered potentially respon-
sible for brittleness after oxidation; nickel, aluminum, and platinum, Samples
which had been oxidized in earlier studies, but not bend tested, or half lengths of
bend samples which failed in a brittle manner, were selected for study. The clad-
ding, barrier layer, and portions of the chromium alloy were removed by a combina-
tion of electrolytic and chemical dissolution, Samples studied are indicated in the
Appendix, Table A-2,

The appearance of representative samples of these three systems after re~
moval of all of the cladding layer plus about one mil of the chromium alloy is shown
in Figures 47 through 49, The Systems 1b and 2b samples had been exposed to cyclic
oxidation for 600 hours at 2100 F before cladding removal while the System 11 sample
had been exposed to cyclic oxidation for 100 hours at 2300 F, A considerable amount
of surface cracking was obvious in all three samples, In addition, the System 1b
sample appeared to show preferential (grain boundary?) attack suggesting some degree
of alloy segregation., The crack pattern in Systems 1b and 2b samples is typical of
that observed in material failing by heat checking, or thermal fatigue, and presum-
ably developed during cyclic oxidation exposure, The amount of cracking in the
System 11 sample was considerably less than that in the other two systems., Although
the number of cycles was less, the maximum temperature was 2300 F, It is surprising,
therefore, that such a large difference in crack pattern developed. Absence of the
aluminizing and homogenizing treatments in System 11 may, in part, account for this
difference, The cracks shown in Figures 47 through 49 have apparently been chemi-
cally enlarged, and, except for this increased size, they are quite similar to those
shown in the photomicrographs reproduced in Figures 24, 25, and 33, Electropolish-
ing these samples to remove an additional 5 to 7 mils of chromium alloy resulted in
elimination of the crack pattern on the surface.

. Examination of declad samples showed that a considerable number of edge
cracks were introduced by the cutting operation used to remove the nickel-chromium
alloy yoke from the bend samples. This is shown by comparing the two samples shown
in Figure 50. The first was sectioned in the normal manner to remove the yoke,
while the second sample was hand ground to remove most of the yoke and chemically
etched to remove that portion adjacent to the sample, At a later time, the samples
were declad. Although some enlargement of edge cracks occurred during cladding
removal, it is obvious that severe edge cracking was developed by the sectioning
operation, Surprisingly, both the bend tests of material with the yoke intact (Sam-
ple II~-49, System 2b) and the reexamination of System 1b samples prepared by the
wrap-around technique indicated that this rather severe edge cracking had relatively
little effect on bend ductility.

Bend tests were performed on System 1b samples which had been cyclically
pxidized at 2100 or 2300 F and then treated to remove all of the cladding plus ap-
proximately 1, 8, or 15 mils of chromium alloy, No cracks were present after re-
moval of 8 or 15 mils of chromium alloy, The results of the bend tests are pre-
sented in Table 24, In samples oxidized at 2100 F, the ductile-brittle transition
temperature was apparently quite close to 300 F after removal of all of the clad-
ding layer plus 8 or more mils of chromium-base alloy, This is about 800 F below
the bend transition temperature of approximately 1400 F measured on the samples as
clad (see Table 18)., When only the cladding material and 1 mil of alloy was re-
moved, the transition temperature was decreased less than 200 F, if at all. Re=~
moval of the cladding plus 7 mils of alloy from the sample exposed at 2300 F
resulted in a bend transition temperature between 800 and 1200 F as compared to a
value of greater than 1600 F measured for the clad sample (see Table 20),
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20X 1¢c903

FIGURE 47. SURFACE APPEARANCE OF SYSTEM 1b SAMPLE AFTER CYCLIC OXIDATION AT
2100 ¥ AND DECLADDING (Sample I-24, 600 hr at 2100 F, 20~hr cycles)
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SURFACE APPEARANCE OF SYSTEM 2b SAMPLE AFTER CYCLIC OXIDATION AND

hr cycles)

20~

2

DECLADDING (Sample II~50, 600 hr at 2100 F

FIGURE 48
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FIGURE 49. SURFACE APPEARANCE OF SYSTEM 11 SAMPLE AFTER CYCLIC OXIDATION AT
2300 F AND DECLADDING (Sample XI-5, 100 hr at 2300 F, 20-hr cycles)
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(b) Absence of edge cracks in sample ground and etched
from yoke (Sample II-50)

FIGURE 50. EFFECT OF METHOD OF YOKE REMOVAL ON EDGE CRACKING
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TABLE 24. BEND PROPERTIES OF SYSTEM 1lb SAMPLES AFTER
CYCLIC OXIDATION, DECLADDING, AND REMOVAL
OF VARYING AMOUNTS OF CHROMIUM ALLOY

Amount of Type of Load-~
Sample Cr Alloy Bend Bend Angle (degrees) at Deflection
Number Removed, mils Temp., F Crack Initiation  Failure Curve

Oxidized 600 hr at 2100 F, 20-hr cycles

TI~b4 1 1200 <10 <10 1
~50 9 1000 =90 >90 4
-48 8 520 >110 . >110 4
-48(2) 8 300 >30 >30 4
~45 14 810 ~105 >105 A
~46 15 315 <5 <5 1

Oxidized 120 hr at 2300 F, 20-hr cycles

1I-39 1 1410 <5 <5 1
-47 7 1200 >80 >80 4
-47(2) 7 800 <10 <10 1

(1) See Figure 38 for an illustration of the four types of load-deflection curves,

(2) One-half of previously fractured sample retested.
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X-ray fluorescence measurements were made on the surface of three samples
after various amounts of metal removal and compared with the surface analysis of
the alloy base, The results are shown in Table 25, A large increase in Ni and Pt
content was found immediately below the cladding surface of samples oxidized at
2100 F, Removal of 15 mils of chromium alloy was adequate to eliminate this dif-
ference, Removal of 7 mils from the sample oxidized at 2300 F was not adequate to
remove all of the Ni or Pt contamination, It is obvious from these data that con-
tamination from Ni and Pt occurs quite rapidly, No apparent contamination from W
or Al was measured, The X-ray fluorescence measurements were not sensitive enough
to measure small differences in tungsten content of the type which would result
from diffusion of chromium into the cladding layers, and no analysis for changes
in chromium content at the surface was made.

These studies showed that removal of the contaminated region adjacent to
the cladding would greatly improve bend ductility, Since poor bend ductility was
observed after cyclic oxidation in both platinum-containing and platinum-~free sam~-
ples (see Tables 18 and 20), it is likely that nickel diffusion into the chromium~
tungsten alloy is a more significant factor than platinum diffusion., As will be
shown later in the studies of thermal stability of the chromium-tungsten alloy,
chromium diffusion into the cladding alloy may also be a factor in the poor bend
ductility.

As a further aid in defining the source of contamination of clad chromium-
tungsten alloy samples during oxidation exposure, three new cladding systems were
prepared, These systems are identified below:

System  Barrier Laver Cladding Laver Aluminized
13 1.5 mil W None No
14 None 5 mil Ni-30 weight No
percent Cr
15 0,5 mil W 5 mil Ni-30 weight Yes (5 weight
percent Cr percent)

Aluminizing data for System 15 samples and the disposition of the various samples
from all three systems are included in Appendix Tables A-1 and A-2, All samples

were prepared using an electropolished chromium alloy substrate and the wrap-

around technique shown in Figure 43. Gas-pressure bonding was accomplished at 2150 F
using a 10,000 psi pressure applied for 2 hours., Systems 13 and 15 samples were pre-
pared using Lot 67-100 chromium alloy while System 14 samples were prepared using

Lot 64-100 chromium alloy,

System 13 samples were exposed at 2100 F in a high-purity argon atmosphere

(99.999 percent min.). Samples were encapsulated in clear quartz tubes and cycled
to 2100 F using five cycles of either 2 hours or 20 hours to give a total time of

10 or 100 hours at temperature. It was anticipated that if thermal fatigue of the
tungsten and/or interdiffusion of tungsten at the chromium alloy surface were the
primary causes of failure, these samples would be embrittled, but that they would

be ductile if nickel or chromium diffusinn was responsible, To provide a basis for
comparison, some samples were tested as clad,

The System 14 samples (no tungsten barrier under Ni-30Cr) were cyclically
exposed in air at 2100 F using five 20-hour cycles. System 15 (tungsten barrier
under aluminized Ni-30Cr) samples were exposed for 100 hours at 2100 F using both
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TABLE 25. RELATIVE CONTENTS OF INTERDIFFUSING ELEMENTS AT
SEVERAL DEPTHS IN DECLAD SYSTEM 1b SAMPLES

Amount of Cyclic Oxida- Relative

Sample Cr Alloy tion Exposure, content(l) of
Number Removed, mils 20~hr cycles Ni Pt Al W
64-100 unclad base =~ None A B C D
11-44 1 600 hr at 2100 ¥ 60A 100B C D
-45 14 Ditto A B C D
=47 7 120 hr at 2300 F D5A 2B C D

(1) These data are comparative analyses, the three bend samples

being compared to the base, Thus, the as-received base con-
tains A percent nickel (a very small trace quantity) since
all other constituents besides Cr, W, Y, S, and the intersti-
tials are less than 00 ppm, and Sample II-44 contains sixty
times as much nickel as the base. Absolute quantities are
not known.
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cyclic and continuous exposures, System 14 was expected to be severely embrittled
since interdiffusion would occur unchecked in the absence of a tungsten barrier.
System 15 was expected to be embrittled by cyclic exposure but not by continuous
exposure if diffusion occurred primarily through cracks in the barrier, and equally
in both exposures if cracking of the barrier was not the major factor.

Surfaces of the exposed (argon) System 13 samples showed no visual evi-
dence of the exposure, The tungsten foil edges protruding around the sample were
brittle, and some chipping occurred during handling after exposure, Weight change

data were thus meaningless on those samples. No cracks were present in the tungsten
foil,

The average weight gain of Systems 14 and 15 samples during oxidation ex-
posure at 2100 F was as follows:

System 14 100-br cyclic exposure 2.29 mg/cm2
System 15 100-hr cyclic exposure 0.77 mg/cmg
System 15 100-hr continuous exposure 0.45 mg/cm

The weight gain for System 14 samples was somewhat higher, and for System 15 samples
somevwhat lower than expected from earlier work on similar systems (see Table 9).

The differences were relatively small, however, and probably are not significant.
Weight gain data and appearance of samples after exposure indicated complete pro-
tection of the substrates from oxidation.

Bend test results for these three systems after exposure at 2100 F are
shown in Table 26. 1It is apparent from the data that the tungsten cladding process
used in System 13 samples increased the transition temperature somewhat since elec=-
tropolished chromium alloy from Lot 67-100 had a transition temperature of <300 F.

A part of this difference may be the result of recrystallization of the chromium
alloy during gas-pressure bonding, Thermal cycling for either 10 or 100 hours at
2100 F did not appear to alter the ductility transition temperature significantly.
Tungsten contamination from the barrier layer is apparently not a major contributor
to the poor bend ductility observed in clad samples after oxidation, System 14

was severely embrittled by cyclic exposure at 2100 F, as was anticipated, the trans-
ition temperature being raised to near 1400 F, System 15 samples were also severely
embrittled by exposure to cyclic oxidation at 2100 F, 1In this case, the

transition temperature was near 1500 F, Since previous work has suggested that
aluminum does not contribute significantly to loss of bend properties (see page 84),
it is concluded that a 1/2-mil tungsten barrier layer has little effect on interdif-
fusion and may actually be somewhat detrimental. Rather surprisingly, continuous
oxidation for 100 hours resulted in almost the same bend properties as cyclic oxi-
dation, This result suggests that interdiffusion is not primarily related to ther-
mal cracking of the barrier, One sample of each system was declad before exposure

at 2100 F and examined for the presence of cracks in the substrate, None were
found, A similar examination after exposure at 2100 F showed cracks to be present
in Systems 14 and 15 samples, but not in System 13 samples. The amount of surface
cracking in oxidized System 15 samples appeared greater after cyclic exposure than
after noncyclic exposure, The crack pattern observed in a System 15 sample after
cyclic oxidation exposure is shown in Figure 51, Comparison with the crack patterns
shown in Figures 47 through 49 indicates a lesser degree of cracking in this sample,
This may be related either to the fewer number of cycles or to the difference in
sample cladding technique (yoke versus wrap-around)., As indicated earlier, System
1b samples (1.5 mil barrier versus 0.5 mil W barrier in System 15) prepared by the
wrap~around technique and cycled five times at 2100 F using 20-hour cycles showed

no surface cracks on decladding.
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TABLE 26, BEND PROPERTIES OF THREE CLADDING SYSTEMS AFTER
EXPOSURE AT 2100 F

Type of Load-
Sample Bend Bend Angle (degrees) at Deflection
System  Number Temp,, F Crack Ipitiation Failure Curve

No Exposure, tested as clad

13 13-16 600 <10 <10 1
-15 700 <5 <5 1
=14 800 >90 >90 4
-13 1200 >90 >90 4
Exposed 10 hr at 2100 F in Argon, 2-hr cycles
13 13-3 600 <5 <5 1
-4 700 20 20 1
-2 800 >90 >90 4
-1 1200 >105 >105 4
Exposed 100 hr at 2100 F in Argon, 20-hr cycles
13 13-9 600 30 30 1
-10 700 20 20 1
-8 800 >100 >100 4
-7 1200 >100 >100 4
Exposed 100 hr at 2100 F in Airx, 20-hr cycles
14 14-2 1200 15 15 1
=3 1400 50 50 1
-4 1500 >100 >100 4
-1 1600 >100 >100 4
15 15-10 1200 20 20 1
-11 1400 30 30 1
-9 1500 35 35 1
-8 1600 >100 >100 4
Continuous Exposure for 100 hr at 2100 F in Air
15 15-1 1200 25 25 1
-3 1400 35 35 1
-4 1500 50 50 1
-5 1600 >100 >100 4

(1) See Figure 38 for an illustration of the four types of load-
deflection curves,
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The microstructure of System 13 both as-clad and after cyclic exposure
for 100 hours at 2100 F is shown in Figure 52, No cracking was apparent in the
tungsten layer, Some grain growth appeared to have occurred in the chromium
alloy during cyclic exposure. A small band of recrystallized tungsten may also
have developed near the tungstenschromium alloy interface.

System 14 samples showed evidence of contamination in the as~-clad sam-
ples, as shown in Figure 53. Contamination was evident visually to a depth of
about 0,7 mil., An unusual large blocky phase was also presemt at the interface.
After cyclic oxidation at 2100 F, the depth of heavy contamination was increased
to about 1.1 mil as shown in Figure 54, The blocky phase was seen at a considerably
greater depth in this case, no longer coexisting with the dark precipitate contam-
ination, Grain boundary cracking appeared to have occurred in the heavily con-
taminated region, Microhardness readings were made on this system after cyclic
oxidation with the results shown in Table 27, Appreciable hardness increase was
apparent to a depth of almost 4 mils, Earlier measurements, made on samples con~
tained in a yoke of Ni-30 weight percent chromium, imdicated as much as 7 mils con-
tamination as shown in Table 12, The blocky phase was considerably harder than the
material adjacent to it, Knoop hardness readings using a 25-gram load gave the
following results:

Blocky phase 1100 to 1480 KHN
Adjacent Cr alloy matrix 615 KHN

System 15 also showed some evidence of contamination in the clad condition
as shown in Figure 55, The contaminated regions tended to be associated with recrys-
tallized-appearing areas in the barrier layer., After continuous oxidation for 100
hours at 2100 F, considerably more contamination was present, as shown in Figure 56.
Again, contamination appeared related to recrystallization in the barrier layer.
Cracking of the barrier layer was not extensive, but cracks were frequently observed
in the chromium alloy in contaminated regions., Two sides of one sample are illus-
trated in Figure 56 to point out a variation in tungsten observed in all of the sam-
ples prepared using the wrap-around technique, It is readily seen that the barrier
layer is quite different on one side as compared to the other. Major differences
in thickness are evident. A check of the as-received tungsten foil showed tungsten
thickness variation as follows:

0.5 mil stock 0.4 to 0.7 mil
1.5 mil stock 1.7 to 2,3 mils

In addition, it appeared that the thinner material recrystallized more readily, or
perhaps contaminated more rapidly, than the thicker material. (Bacause this two-
sidedness was even more pronounced in System 1b, factors other than barrier layer
thickness are obviously important.) Since tungsten material was randomly selected
in preparing clad samples, these differences in behavior resulted in some diffi-
culty in analyzing the test results,

The appearance of the System 15 sample exposed to cyclic oxidation is
shown in Figure 57, This sample showed major amounts of pitting in the nickel
cladding alloy and in the chromium alloy, In general, it appeared in much worse
shape than the samples exposed to static oxidation,

The extensive degradation of the barrier layer in System 15, and the rela-
tively small changes in tungsten appearance in System 13, indicate that aluminized
nickel-chromium alloy is reacting with the barrier layer and resulting in its rapid
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(b) Cyclically exposed in argon for 100 hr at 2100 F

FIGURE 52, MICROSTRUCTURE OF SYSTEM 13 SAMPLES
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FIGURE 53, MICROSTRUCTURE OF SYSTEM 14, AS CLAD
(Sample 14-7
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FIGURE 54, MICROSTRUCTURE OF SYSTEM 14 SAMPLE AFTER
100-HR CYCLIC OXIDATION AT 2100 F (Sample 14-6)
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TABLE 27. KNOOP HARDNESS OF SYSTEM 14 SAMPLE AFTER 100-HOUR
CYCLIC OXIDATION AT 2100 F (25-gm LOAD)

Distance from Knoop
Cladding:Cr Alloy Hardness
Interface, mils Numbex Microstructural Region
~-3.0 310 Ni-30 weight percent Cr cladding
-2.2 244 Ditto
-1.4 195 "
-0.6 260 "
-0,2 342 "
0.2 780 Heavy precipitate zone
0.6 780 Ditto
1.0 1010 Clear zone with different etch
response and few hard particles
1.4 570 Ditto
1.8 540 "
2,2 680 "
3.0 634 "
3.8 360 "
4,2 290 Unaffected Cr alloy
5.4 295 Ditto
7.0 280 n
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FIGURE 55, MICROSTRUCTURE OF SYSTEM 15 SAMPLE, AS CIAD
(Sample 15-2)
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Ni alloy
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250X 60568

FIGURE 57, MICROSTRUCTURE OF SYSTEM 15 SAMPLE AFTER
100~HR CYCLIC OXIDATION AT 2100 F (Sample 15-7)
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destruction. As can be seen by comparing the results presented earlier for samples
clad with aluminized Ni~Cr-W alloy, this tungsten-containing cladding material seems
somewhat more compatible with tungsten but still attacks it fairly rapidly. Improve-
ments in cladding systems should concentrate on protecting the barrier layer from
attack by the nickel-base cladding alloy.

Thermal Stability‘of Chromium-5 Weight Percent Tungsten

It was considered that the chromium-base alloy might itself be subject to
instability, and that the contamination observed metallographically in clad samples
after oxidation might not be the only cause of poor bend ductility, To check this
possibility, electropolished bend samples from Lot 67-100 were encapsulated in an
atmosphere of high-purity argon (99.999 percent) and thermally cycled between room
temperature and 2100 or 2300 F to simulate the thermal cycles used during oxidation
testing, Samples were cycled either for 10 hours using 2-hour cycles or for 100
hours using 20-hour cycles. The bend properties after thermal cycling are shown in
Table 28, The ductile-brittle transition temperature is seen to vary with thermal
exposure as follows:

None (see Table 22) <300 F

10 hr at 2100 F 600-750 F
100 hr at 2100 F 1000-1100 F
10 hr at 2300 F 1000~-1100 F
100 hr at 2300 F 1000-1100 F

None of the samples showed any obvious surface discoloration. Some discoloration

of the quartz tube was observed, however., Surprisingly, the loss of ductility
accompanying thermal cycling appeared to reach a limiting value of about 1000-1100 ¥
instead of increasing with exposure time or temperature,

Several thermally cycled samples were bend tested after removal of 3 to
10 mils of material from the surfaces by electropolishing. As shown in Table 29,
some improvement in ductility occurred in samples cycled 10 hours at 2100 or 2300 F,
but even removal of 10 mils of material was not adequate to substantially decrease
the ductility transition temperature in samples cycled for 100 hours at 2100 or
2300 F, It should be noted that the chromium alloy recrystallized during thermal
exposure in argon, while the base ductility measurements were made on material in
the wrought condition.

Microstructures of samples cycled for 10 hours at 2100 and 2300 F are
shown in Figure 58, The only microstructural feature of note is the finer grain
size near the surface. There is no evidence of void formation, contamination, or
surface cracking, Microhardness traverses made on these samples were unable to
detect any difference in hardness between the surface and the center, The average
Knoop hardness (10-gm load) after thermal cycling for 10 hours at either 2100 or
2300 F was 280, The hardness of the as~received alloy (wrought structure) was 415.

As shown below, analysis of three samples for nitrogen showed no increase
in nitrogen content as a result of thermal cycling in argon:
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BEND PROPERTIES OF THERMALLY CYCLED

CHROMIUM-5 WEIGHT PERCENT TUNGSTEN ALLoy (1)

TABLE 28,
Bend Bend Angle (de%rees)
Temp,, F at Failure(2)

Type of Load-
Deflection Curve

500
600
750
1000

750
1000
1100
1200

440
1000
1100
1200
1440

1000
1100
1200

Exposed 10 hr at 2100 F, 2-hr cycles
<5 1
<5 1
>100 4
>100 4
Exposed 100 hr at 2100 F, 20-hr cycles
<5 1
<5 1
>85 4
>105 4
Exposed 10 hr at 2300 F, 2-hr cycles
<5 1
<5 1
>70 4
>100 4
>105 4
Exposed 100 hr at 2300 F, 20-hr cycles
<5 1
=100 4
>110 4

(1) Electropolished specimens were cycled within argon-
filled capsules.

(2) cCrack initiation immediately preceded failure in
all cases.

(3) See Figure 38 for an illustration of four types of
load-deflection curves,



TABLE 29,
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BEND PROPERTIES OF THERMALLY CYCLED CHROMIUM ALLOY

SAMPLES AFTER REMOVAL OF SURFACE MATERTAL (1

Amount of Bend Angle Type of Load-
Material Removed, Bend (degrees) §t Deflectipon
Thermal Exposure mils/side Temp., F Failure(2 curve(3
10 hr at 2100 F 3 500 50 1
100 hr at 2100 F 4 800 <5 1
Ditto 10 500 <5 1
10 hr at 2300 F 4 1000 >100 4
100 hr at 2300 F 3 800 <5 1
Ditto 10 500 <5 1

1
(2)
(3)

curves.

Cracking immediately preceded failure.

Electropolished specimens were cycled within argon-filled capsules.

See Figure 38 for an illustration of the four types of load-deflection
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100X (a) 10 hr at 2100 F 1c785

100X (b) 10 hr at 2300 F 16784

FIGURE 58, MICROSTRUCTURE OF CHROMIUM-TUNGSTEN ALLOY
AFTER THERMAL EXPOSURE IN ARGON (2-hr cycles)
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Nitrogen Content, ppm

As electropolished 50
Cycled 10 hr at 2100 F 50
Cycled 10 hr at 2300 F 50

X~ray fluorescence analysis was used to determine whether there was any contamina-
tion from silicon or loss in chromium during argon exposure. These results are
shown below:

Relative Content at 10
Micron Depth

As electropolished A B
Cycled 10 hr at 2300 F 154 0.75 B

Since the silicon content was low to statt with, the increase shown is not believed
to account for the observed increaee in transition temperature. It is reported
that silicon has a relatively small effect on the transition temperature( 7, A
25-percent loss in chromium, on the other hand, would increase the effective surface
tungsten content to about 7 percent, and_tungsten is reported to rapidly increase
the transition temperature of chromium 7), The apparent limiting value of change
in transition temperature may represent a restriction in chromium diffusion rate

as the tungsten content near the surface is increased,

The instability of the chromium-5 weight percent tungsten alloy seems at
least partially related to tungsten enrichment of the surface due to the loss of
chromium, This suggests that chromium diffusion through the barrier layer in clad
samples may be a factor in their poor bend ductility.

New Coating System

In conjunction with the studies just described, a brief examination of
two alternate coating systems, vapor deposited silicon and iron-chromium-aluminum
alloy clad, was also made. 3-1/2 x 3/4-inch samples of Lot 64-100 were siliconized
and six 3-1/2 x 3/4-inch samples of Lot 64-100 were clad with iron-chromium-
aluminum alloy, These systems are numbered 16 and 17, respectively.

Six samples were siliconized in a stainless steel retort containing a
mixture of 99 weight percent silicon powder (-200 mesh) and 1 weight percent sodium
fluoride, The retort was evacuated and then filled with argon to a pressure of 800
mm mercury. The pressure was maintained at 800 mm during the siliconizing treat-
ment which consisted of heating the assembly to 1800 F, holding 1 hour and 40 min-
utes at temperature, and cooling in air, Weight gain during siliconizing varied
from 17 to 23 mg/cm2 with an average value for the six samples of 19 mg/cm®.

The twelve samples clad with the iron-base alloy were prepared by gas-
pressure bonding, A 5-mil sheet of Fe-22Cr-5A1 was bonded to these samples without
a barrier layer. A molybdenum sheet was used between the iron-base alloy and the
steel envelope during gas-pressure bonding to prevent contamination from carbon.
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The siliconized samples, System 16, were bend tested as-coated to deter-
mine the effect of siliconizing on bend ductility, Bend angles varied with test
temperature as follows:

Temp,, F Bend Angle (degrees) at Failure
1200 <20
1300 >90 (Type 2 curve, crack formation at 20 degrees)
1400 >100

The transition temperature was quite close to 1300 F. In view of the poor bend
ductility as siliconized, no samples were exposed to cyclic oxidation.

Six of the iron~base, alloy-clad System 17 samples were exposed to cyclic
oxidation at 2100 F using 20~hour cycles, After the first cycle, it was apparent
that severe oxidation was occurring., Oxidation tests of the as~-received foil used
in cladding the System 17 samples showed that the oxidation rate of the clad sam-
ples was significantly greater than that of the foil, Contamination of the iron-
base alloy by molybdenum was considered the most probable cause of the poor oxida-
tion resistance., X-ray fluorescense analysis showed clad samples to contain 400
times more molybdenum in the cladding than was originally present in the foil,
Removal of 2 mils of cladding reduced this only to 100 times the base value, It
was concluded that the cladding was seriously contaminated with molybdenum during
gas~pressure bonding and further work on these samples was stopped,

PREPARATION OF EROSION BARS

Nine Cr-5W erosion test bars approximately 4 x 1 x 1/4 inch with a wedge-
shaped cross-section on one edge were clad with a 1-1/2-mil tungsten-barrier foil
and 5-mil Ni-20Cr-20W outer cladding and were aluminized (System 1lb), These bars
were supplied to NASA for dynamic testing in a high-temperature environment,

Preliminary tests with various bonding fixtures indicated that totally
compressed coverage of foils over the nose area (leading edge) would be a problem,
It was found that cladding foils gathered at the sample nose forming a gross wrinkle
and a void between the clad and substrate., Such voids might cause premature
failure of the cladding system during test and were, therefore, undesirable,

A successful technique was subsequently devised which employed a two-
stage operation during bonding. The first stage involved the selective movement
of the substrate noge into the fixture so that the cladding foils were smoothed
over the nose, During the second stage of the process, the container collapsed w
achieve the intimate contact of components required for metallurgical bonding.

The bonding fixture used and selected components of a prototype test bar
are illustrated in Figure 59, Missing from the picture are the tungsten foil inter-
layer at one specimen end, the tungsten foils used to cover the specimen trailing
edge, and the container base cover. The carbon steel container had heavy side walls
and a ''V-shaped" internal slot in its base. The straight side walls of the con-
tainer were 1l/4-inch thick, the sloped walls were 3/16~inch thick, the end walls
were 1/8=inch thick, and the cover was 35-mils thick, A 20-mil carbon-steel wrapper
was employed to effect an "ironing out" of the foils, For assembly, the foil-
encased substrate was placed into the wrapper. The wrapper nose was positioned so
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that it was 50 mils from seating in the bonding container ''V-base'., The specimen
was hermetically sealed by welding the thin container cover in place. During bond-
ing, the thin (35-mil) container 1lid collapsed first so that the substrate was
driven into its wrapper (causing a 50-mil movement before the wrapper-specimen
assembly seated in the fixture V-slot) to effect the contouring of the cladding
folils, Subsequently, the heavy tapered sides, straight sides, and end plates of
the bonding container plastically collapsed to bring all specimen components into
intimate contact for metallurgical bonding. The selective collapee of a bonded
container is shown in Figure 60,

A metallographic section of a sample bonded by this technique is shown
in Figure 61, It is significant that the nose of the specimen was clad without
void formation., The protrusion of the outer cladding foil may be smoothed by
honing,

For the final design, 3-1/4 inches of the bar were clad leaving the last
3/4 inch at the hold-down groove and base unclad., The inner cladding foil was
1-1/2-mil tungsten with the exception of the trailing edge which was clad with
1/2-mil tungsten. The outer cladding foil was 5-mil Ni-20Cr-20W and the sample
end was capped by a 1/16-inch plate of Ni-30Cr., Three~-mil molybdenum foil was
utilized during fabrication to protect the outer cladding and bare substrate from
contamination (carbon diffusion from steel fixtures).

Ten Cr-5W substrate bars were machined at Battelle's Columbus Laboratories
according to the drawing shown in Figure 62. The heavier 1/4~inch~thick Cr-5W stock
proved to be appreciably more susceptible to cracking during grinding than the thin-
ner material (1/16-inch) utilized for the bend samples. Six of the ten bars had
fine grinding cracks at various locations (nose, hold-down groove, and ends). These
samples were studied by dye-penetrant inspection and a description of the defects
and their location was supplied to NASA with the completed specimens, There was a
considerable variation in dimensions between the ten specimens, This necessitated
the fabrication of "tailor-made" cladding components and bonding fixtures.

Components for the bonding containers were machined from carbon steel
stock and joined by welding, The carbon steel fixture, wrapper, tungsten, Ni-20Cr-
20W, and molybdenum foil components were hydropressed over a steel mandrel to
achieve the desired nose configuration. The Ni-30Cr endplates were machined to
match the specimen cross-sections,

The foil components were cut to size, and the carbon steel wrapper was
positioned for trial assembly, The carbon steel bonding container, wrapper, and
cover were prepared for assembly by vapor blasting and rinsing in alcohol, The
specimen components and molybdenum barrier foils were chemically cleaned and rinsed
in alcohol prior to assembly.

For assembly, a foil-encased specimen was placed in the wrapper which
was in turn placed into the container cavity. After the components were seated in
the fixture, the thin container cover was clamped in place, Copper cooling blocks
were positioned along the container walls for welding. The specimens were placed
in an argon chamber for TIG welding, A slit was left unwelded and the samples were
vacuum outgassed for 1/2 hour at 500 F in a vacuum of approximately 107 torr.

The samples were then hermetically sealed by closing the slit using electron-beam
welding methods. The specimens were leak tested after closure,
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39880

FIGURE 60. BONDING CONTAINER SHOWING SELECTIVE
COLLAPSE OF THIN COVER
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To accomplish final fabrication of the bars, a special gas-pressure bond-
ing cycle was employed., The specimens were maintained at a nominal pressure of 300
psi while they were heated to 1600 F, The pressure was raised to 10,000 psi to
achieve the proper sample movement and container collapse, The cycle was completed
by raising the temperature to 2200 F and holding for 2 hours. After bonding, the
steel and molybdenum were leached from the nickel-base cladding and unprotected
substrate in a nitric acid bath., One of the ten samples, Number 7, was not bonded
due to a leak in the steel container and was not processed further, A second sam-
ple, Number 1, was very poorly bonded, but was included in the subsequent aluminizing
run,

Nine samples were aluminized by heating to 1750 F and holding for 12 hours,
using essentially the same procedures applied in processing sheet samples in earlier
phases of this program., Homogenization was accomplished by heating in argon for 4
hours at 2100 F followed by 16 hours at 2200 F. The average weight gain of the nine
wedge bar samples was 3.6 mg/cm2 with a range of values of 3.2 to 4.5 mg/cm “, (See
Appendix Table A-1 for the weight gain during aluminizing.) This is somewhat less
than the desired aluminum level and is equivalent to an aluminum content of only
about 3,0 weight percent. However, because of the shape of the wedge bars and the
fact that not all of the bar was clad with nickel, there is some question regarding
the weight gain calculation,

During aluminizing, Sample Number 1 showed considerable separation of the
cladding along the trailing edge of the wedge bar and lost the nickel alloy end cap.
On homogenization, several other samples tended to show some decladding along the
trailing edge of the wedge bar. Only Sample Number 5 appeared completely free from
this defect. Of the remaining samples,Numbers 2 and 10 appeared in the best condi-
tion. The occurrence of this defect was unexpected, and indicates that only mar-
ginal bonding occurred between the cladding components on the sides and trailing
edges of the wedge bars. Despite these defects, all eight wedge bars were given to
NASA for evaluation,

RECOMMENDATIONS

Metallic cladding appears capable of protecting chromium-5 percent tung-
sten alloy from oxidation at 2100 or 2300 F. However, poor bend properties are
observed after exposure, The present work shows that the loss of bend ductility is
the result of interdiffusion of alloying elements between the cladding alloy and
the chromium alloy. Both chromium and nickel appear to pass through the tungsten
barrier layen used to separate the cladding alloy from the chromium alloy, with re=-
lative ease, The development of a useful cladding system will require that an im-
proved barrier layer be developed. Two approaches for further studies are suggested:

(1) The tungsten barrier layer could be alloyed so as to reduce
the diffusion rates of nickel and chromium Alloying addi-
tions and special thermal-mechanical processing which raise
the recrystallization temperature of tungsten or promote the
development of a fine grain size should be considered since
there is some evidence that a continuous grain boundary through
the barrier layer is especially conducive to diffusion, Also,
additions which reduce chromium or nickel solubility in tungsten
should prove helpful, as should additions which would react with
these elements to form stable compounds.
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(2) Alternate barrier layers could be considered. These might
include multiple metallic layers in which each component retards
penetration of one of the diffusing materials. An unalloyed
chromium layer between the barrier layer and the chromium-base
alloy might prove useful as a means of diluting any interdiffu-
sing elements, Alsp, it might be possible to use completely im-
permeable nonmetallic barriers., This latter approach is perhaps
less attractive since no nonmetallic barrier materials which
would be obviously superior to tungsten are known.

Studies designed to develop improved barrier materials could be most eco-
nomically carried out using a fundamental approach. Bonded three-~layer strips of
cladding alloy:barrier layer:chromium alloy could be prepared and sectioned to
provide a number of samples for thermal exposure in argon. Metallographic examina~
tion and microprobe analysis of variously exposed samples could be used to deter-
mine the interdiffusion behavior. These procedures would provide a method of screen-
ing a large number of potentially-useful barrier systems rapidly, thus permitting
the examination of processing and thickness variables as well as compositional vari-
ables, The present work has provided several indications that the tungsten barrier
is capable of preventing interdiffusion in certain instances, which would suggest
that such a study would be successful,

Since loss of bend ductility is apparently at least partly the result of
an increase in ductile~brittle transition of the chromium~base alloy caused by an
increased tungsten content at the surface which accompanies a loss of chromium,

the present cladding system might prove useful on unalloyed chromium or on salected
chromium alloys,

ok ko K %
The data upon which this report is based are contained in Battelle
Memorial Institute Laboratory Record Books No. 22996, 23883, 22578, 23458, and
24778,

DNW/RHE/CAM/ JJE/ESBssam
2~23-68
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TABLE A~1, WEIGHT GAIN DURING ALUMINIZING TREATMENTS
(Samples aluminized 12 hours at 1750 F unless otherwise noted)

Sample Weight Gain, Sample Weight Gain,
System  Number me/ cm? (1) System Number me/ cm2(1)
la I-1 5.1 2a II-1 5.2

-2 3.2 -2 3.1
-3 3.3 -3 3.2
-4 3.4 -4 3.2

-5 3.4 -5 4,9(2)
% 5,2(2) -6 4,9(2)
-7 6.6(2) -7 4.8(2)
-8 5,9(2) -8 4.2
-9 Not determined(z) -11 4.4
~-10 4,5 -12 4,5
-11 4,4 ~-13 4,7
=12 4,2 -14 4.2
-13 4,1 -15 4,2
-14 4,1 ~-16 4,2
-15 4,2
2b 11-17 3.8
1b I-16 4,1 -18 4,1
’ -17 4,1 -19 4.1
~18 4.1 ~-20 4,1
-19 4,1 =21 4,2
-20 4.2 -23 4.0
-21 4.3 -24 4.1
-22 4,1 =25 4,2
-23 4,1 2 4.5
~24 4,1 i 4,2
-25 4,2 ~28 4.4
-26 4,0 -29 4,1
-27 4,4 ~-30 3.7
~28 4,7 -31 3.6
-29 4,0 kS 3.7
-30 3.8 -33 3.8
=31 3.8 ~34 4,1
, -~35 4,8
ib 1b-1 3.9 ~36 4,1
~2 3.6 ~37 3.9
-3 Not determined -38 3.9
-4 4,0 e 4,0
-5 3.7 ~-40 4,3
) 4,1 -41 4,8
42 4.9
1b Wedge-1 3.2 -43 3.7
-2 3.3 -4 3.7
-3 3.4 ~-45 3.7
-4 3.8 ~46 3.9
-5 4.4 -47 4.4
-6 3.6 -48 3.9
-8 3,7 -49 3.8
-9 4.0 -50 3.9
~10 4,5 -51 4,7
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A-3

Footnotes for Table A-1

(1) The weight gain data may be converted to weight percent aluminum as follows:

' (: welight gain
Ni30Cr:weight percent Al = \weight gain + 105,5/ 100

<: weight gain
Ni-20Ce-20W:weight percent Al = \weight gain + 120,7/ 100

(2) These samples aluminized for 18 hours at 1750 F instead of 12 hours.

Note: All samples homogenized after aluminizing by annealing in argon for &
hours at 2100 F followed by 16 hours at 2200 F.



A-4

TABLE A-2., SUMMARY OF SAMPLES PREPARED FOR STUDY

Oxidation Exposure

Sample Sample Time, hr
System  Number Size Temp., F Cycle Total Examined for
la I-1 1x1 2100:2:100 Metallography
-2 " Defected 2100:10: 10 "
-3 " Defected 2100:;10/40:50 "
-4 " 2100:2/20:200 (Not tested)(?)
-5 " Ditto Metallography
-6 " 2300:2/20:200 "
-7 3/4 x 3-1/2  2300:2:80 "
-8 " 2300:2/20:200 (Not tested)
-9 " None Metallography
-10 " 2100:20:100 Bend test-~700
=11 " Ditto Bend test--1600
-12 " " Bend test--1400
~-13 " " Bend test--1200
=14 " " Bend test--1000
-15 " " (Not tested)(z)
1b I-16 1 x 2 2100:2:100 Metallography
=17 n HLH "
_18 1 HL 1"
-19 " 2100:20:600 "
~20 " 2300:202240 "
-21 " 2300:20:160 "
=22 " 2300:2:40 "
~23 " 2100:20:60 "
24, " Ditto (Not tested)(2)
25 " 2300:20:240 (Not tested)
-26 " 21003203600 (Not tested)(2)
-27 " 2300:20:160 Metallography
~28 3/4 x 3-1/2  2100:20:300 Bend test~--1000
~29 " Ditto Bend test--1200(2)
-30 n " Bend test~-1400
-31 " " Bend test--1600
(Metallography)
1b 1b=-1 " 2100:20:100 Bend test--1200
-2 " Ditto Metallography
-3 " None no
=4 " 2100:20:100 Bend test--1300
-5 " Ditto Bend test--1400
-6 " " Bend test--1200
2a I1-1 1 x1 2100:2:100 Metallography
-2 " 2100:2/20:20 "
-3 " Ditto (Not tested}(z)
-4 " None Ditto
-5 " 2300:2/20:200 "
-6 " Ditto Metallography
-7 " 2300:2:100 "
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TABLE A-2, (continued)

Oxidation Exposure

Sample Sample Time, hr
System  Number Size Temp., F Cycle Total Examined for
2a I1I-8 3/4 x 3-1/2 None Metallography
(cont.) (as aluminized &

as homogenized)

-11 " 2100:20:100 Bend test--75

-12 " Ditto Bend test--1600

-13 " " Bend test-~1400

~14 " " Bend test--1200

-15 " " Bend test~-1000

-16 " " Bend test--800

2b 1I-17 1x2 2100:2:100 Metallography

~-18 " 2100:20:600 (Not tested)

-19 " Ditto Ditto

=20 " " Metallography

-21 " HLH "

=22 " 2300:2:100 "

_23 11 H:[.l 11"

-24 " 2100:20:600 (Not tested)

-25 " 2300:20:60 Ditto

-26 " 2300:20: 260 Metallography

-27 " 2300:20: 320 (Not tested)

-28 " 2300:20: 460 Metal lography

-29 3/4 x 3-1/2 2300:20:200 (Not tested)

-30 " 2100:20: 300 Bend test--1000

-31 " Ditto Bend test--1200

-32 " " Bend test--1400

~33 " " Bend test--1600
(Metallography)

-34 " 2300:20:200 (Not tested)

-35 " Ditto (Not tested)(z)

-36 " 2300:20:120 Bend test--1600
(Metallography)

-37 " 2300:20: 200 Bend test--1600
(Metallography)

-38 " Ditto Bend test--1400

-39 " 2300: 20: 120 (Not tested)(2

-40 " Ditto Ditto

41 " " "

-42 " 2300:20:200 (Not tested)(z)

-43 " 2100:20:300 (Not tested)

~44 " Ditto Ditto

=45 " 2100:20:600 "

-46 " Ditto "

=47 " 2300:20:120 "

-48 " 2100:20:600 "

~49 " Ditto Bend tast--800
(in yoke)

-50 " " (Not tested)(z)

-51 " 2300:20:120 Bend test--1400




TABLE A-2.

A~6

(continued)

Sample

Oxidation Exposure

Sample Time, hr
System  Number Size Temp.,, F Cycle Total Examined for
2¢ I1-9 1x1 2100:2/20: 200 Metallography
: -10 " 2100:25200 "
3. I1I-1 " 2100:2/20:200 "
-2 " 2100:2:100 "
-3 " 2100:2/20:200 (Not tested)
-4 " None Ditto
-5 " 2300:2:100 Metallography
-6 " 2300:2/20:200 (Not tested)
-7 " Ditto Metallography
-8 3/4 x 3-1/2 2100:20:100 Bend test--1000
-9 " Ditto Bend test-~1600
-10 " " Bend test--1400
-11 " " Bend test--1200
-12 " " Bend test-1000
-13 " " Bend test-800
4 Iv-1 1x1 2100:2:100 Metallography
-2 " 2100:2/20:200 (Not tested)
-3 " Ditto Metallography
-4 " None "
-5 " 2300:2:80 "
-6 " Ditto (Not tested)
-7 " " Ditto
-8 3/4 x 3-1/2 None "
-9 " Defected 2100:10:10 Metallography
=10 " None (Not tested)
-11 " Defected 2100:10/40:50 Metallography
~-12 n None "
-13 " 2100:20:100 Bend test--1200
-14 " Ditto Bend test--1600
~15 " " Bend test--1400
~16 " " Bend test--1200
=17 " " (Not tested)
-18 " " Ditto
5 v-1 " Defected 2100:10:10 Metallography
~2 " Defected 2100:10/40:50 "
-3 " 2100:2/20:200 "
=4 " 2100:2:100 "
-5 " 2100:2/20: 200 (Not tested)
-6 " 2300:2:100 Metallography
-7 " 2300:2/20:200 "
-8 " 2300:2:10 "
-9 " None "
-10 " 2100:20:100 Bend test--1500
-11 " Ditto Bend test--1600
-12 " " Bend test--1400
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TABLE A-2., (continued)

Oxidation Exposure

Sample Sample . Time, hr
System  Number Size Temp., F Cycle Total Examined for
5 v-13 3/4 x 3-1/2  2100:20:100 (Not tested)
(cont.,) -1l4 " Ditto Ditto
_15 " " 1"
6 VI-1 1x1 2100:2/20: 200 Metallography
~2 " 2100:2:100 "
-3 3/4 x 3-1/2 None "
-4 " 2100:2:40 (Not tested)
-5 " 2300:2;:2 Metallography
-6 " 2300:2:6 "
-7 " Ditto (Not tested)
-8 " 2100:20:100 Bend test--1600
-9 " Ditto Bend test--1400
-10 " " (Not tested)
o=11 " " Ditto
_12 1" 1" 1"
_13 " 1 i1
7 VII-1 " 2100:2/20: 200 Metallography
-2 " 2300:2/20: 200 "
-3 " 2100:2:50 "
-4 " 2100:2:90 "
-5 " 2300:2:10 (Not tested)
-6 " 2300:2:100 Metallography
-7 " None "
8 VIII-1 " 2100:2:100 "
-2 " 2100:2/100:200 "
-3 " 2100:2/20:200 (Not tested)
-4 " 2300:2/20:140 Metallography
=5 " 2300:2:100 "
-6 " 2300:2:200 (Not tested)
-7 " None Metallography
9 IX-1 " 2300:2:2 "
- " None Bend test--1000
-3 " 2100:2:10 Metallography
-4 " None Bend test--1200
-5 " None Bend test--800
10 X-1 " 2300:20:80 (Not tested)
-2 " - 2300:20:100 Bend test--1400
-3 " Ditto Metallography
-4 " 2100:2:100 n
-5 " 2300:20:100 Bend test--1600
11 X1-1 " 21001 2: 100 Metallography
-2 " 2300:2:100 "
=3 " 2300:20: 100 Bend test--1600
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TABLE A-2. (continued)

Oxidation Exposure

Sample Sample Time, hr
System  Number Size Temp,, F Cycle Total Examined for
11 . XI=4 3/4 x 3-1/2 2300:20:100 Bend test--1200
(cont,) -5 " Ditto (Not tested)(z)
12 XII-1 " " Bend test-~1400
-2 " " Bend test--1600
-3 " " (Not tested)
-4 " 2100:2:100 Metallography
-5 " 2300:2:100 L
13 13-1 " 2100:2:10(1) Bend test--1200
-2 " Ditto Bend test--800
-3 " " Bend test--600
-4 " " Bend test--700
-5 " " (Not tested)
-6 " " Ditto
-7 " 2100: 20: 100¢1) Bend test--1200
-8 " Ditto Bend test--800
-9 " " Bend test--600
~-10 1" " Bend test--700
~11 " " Metallography
-12 " " (Not tested)
-13 " None Bend test--~1200
=14 " None Bend test--800
-15 " None Bend test--700
~-16 " None Bend test--600
-17 " None (Not tested)
14 14-1 " 2100:20:100 Bend test~~1600
-2 " Ditto Bend test--1200
-3 " " Bend test--~1400
-4 " " Bend test-~1500
-5 " n (Not tested)
-6 " " Metallography
-7 " None "
15 15-1 " 2100:100:100 Bend test-~1200
-2 " None Metallography
-3 " 2100:100:100 Bend test--1400
-4 " Ditto Bend test--1500
-5 " " Bend test-~1600
-6 " " Metallography
-7 n 2100:20:100 "
-3 " Ditto Bend test--1600
-9 " " Bend test-~-1500
-10 " " Bend test--1200
-11 " " Bend test--1400
-12 " " (Not tested)
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TABLE A-2, (continued)

Oxidation Exposure

Sample Sample Time, hr
System  Number Size Temp., F Cycle Total Examined for
16 16-1 3/4 x 3-1/2  None Bend test--1200
-2 " None Bend test~-~1400
-3 " None Bend test--1300
-4 " None (Not tested)
-5 " None Ditto
-6 " None ' "
17 17-1 " None Surface analysis
-2 " None (Not tested)
-3 " None Ditto
-4 " None "
w5 1" None "
-6 " None "
-7 " 2100:20:20 n
-8 " Ditto 1
-9 n " "
-10 " 1" "
-11 " ] ]
-12 1" " n

(1) Exposed in high-purity argon étmospheres.

(2) These samples subsequently used in decladding studies designed to
detect interdiffusion
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